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LITERATURE REVIEW

Introduction

Anions play a very significant role in the retention and plant
availability of soil and fertilizer inorgnnic phosphate (P)., Evidence
that different inorganic and organic anions can modify P retention was
presented by many workers prior to 1950 ( Kurtz et 2l., 1946; Dean and
Rubins, 1947; Swenson et al., 1949 ). The exact mechenisms of this
effect was little understood. In coddition, a range of chemical extract-
ants have been used to assess the available P status of soils; these in-
cluded citrate, tartrate, Cluoride, arsenate, and other anions capable of

forming stable complexes with Fe and Al in soils.

It is now well recognised that microorganisms and root excretions
greatly modify the chemical environment in the rhizospherc. Organic com-
pounds found in the root exudates of several plants ( reviewed by Rovira,
1965 ), and produced by microorgenisms, include many organic acids kmown
to form strong complexes with metal ions. Such compounds may be an im-

portant factor affecting the mobility of P in soils,.

There is now & reasonable amount of information concerning the
reactions of certain anions with soil components.  The significance of
inorgenic and organic anions in the soil solution, and their effect on P
sorption and desorption by soil components and soils, however, is not so
well documented. Recent studies by Deb and Datta ( 1967 a,-b ), Hingston
et al. (1970, 1971, 1974 ), Nogarajeh et al. ( 1968, 1970 ), and Barrow
( 1974 a, b ) have enabled a better understanding of the extent to which
competing anions influence the uptake and releasc of P by soil components
and soils.

The literature pertaining to the uptakec and release of P by

soils, as influenced by other anions, is reviewed in three sections :

S The mechanism of P sorption by soil components and soils,

II, The influcnce of competing inorganic and organic aﬁions
on the sorption of P by soil components and soils, and _

IIT. The influence of competing inorganic and organic anions
on the desorption of sorbed P from scil components and

g0ils.



Sorption reactions may conveniently be divided into adsorption
reactions ( concentration of ions at solid surfaces due to removal from
solution ) and absorption ( diffusive penetration of ions into retaining

components ).



1. THE MECHANISM OF P SORPTION BY SOIL
COMPONENTS AND SOILS

The removal of P from solution by soil components and soils
has been studied by mony workers. It is now widely recognized that
on addition of P fertilizers to soil, the P contained in the largely
weter-soluble compounds is rapidly removed from the soil solution by
soil components and held in a relatively unavailable forrn, This im=
mobilisation of P occurs in soils by two mechanisms, namely sorption
and precipitation. At low P concontrations ( & 10~%u ) in the soil
solution, however, retcention cppears to be the result of a sorption-
reaction ( Cole ct al., 1953; Bache, 1964; Muljadi ot al., 1966 ),
and it is the mechanisms of such a rcaction that will be considcred in
this section. Information on the mechonism of sorption of other anio:«

will be included to provide a more gencral theory.

A, licchonism of P sorption by soil componcnts

— -

P sorption studies have been conducted using a wide range of
"pure" soil cowmponents, Those considered to influcnce the amount ol

P sorbed by soils arc :

=  shori-range order and crystalline oxides and hydrous
oxides of Fe and Al

-~ clay minerals ( layer silicates )

=  short-range order aluminosilicatecs

=~ calcium carbonat2

= humic substances

The ability of thesc componcnts to sorb P gonerally deercasca
in the order : short-range order hydrous oxides of Fe and Al, and
short-range order aluminosilicatecs 2> crystalline oxides and hydrous
oxides of Fe and Al » clay mincrals » calcium carbonate » huri®~
substances ( Gorbunov, 1959; Gastuche ot al., 1963; Fox et al., 1971 )-



1e Oxides and hydrous oxides of Fe and Al

Oxides and hydrous oxides of varying crystallinity occur in
virtually all soils. The short-range order components take the form
of gels, whoreas crystalline components are morc common in strongly=-
weathered soils, The ability of these components to sorb P varies
considerably, Short-range order Fe and Al components, which may
occur as coatings on silicate minerals or as discrete phases, usually
sorb more P than crystalline components ( Gorbunov, 1959; Syers and
Williams, 1975 ), because of the greater surface areca giving rise to a

larger number of sites in the former.

Data for the sorption of P by "amorphous cluminiun hydroxide™
wos found by Hsu 2nd Rennie (1962) and Hsu (1965) to follow two adsorp—
tion curves, using the Langmuir adsorption equation, The initial re=
action occurred very rapidly and was practically complete in a matter
of hours, while the second occurred ot a much slower rate. The initial
rapid reaction was thought to be an immediate adsorption of the added P
resulting from the displacement of weakly held hydroxyl ions located at
the surface, The subscquent less rapid reaction was thought to be due
to a surface adsorption on similar short-range order hydrous oxides
continuously developed during the czperiment by o weathering process
( Hsu, 1965 ).

Maljadi ot al. (1966) found that the adsorption isotherms obtain-
cd from P sorption studics using koolinite, gibbsite, and pscudobochmite
could be divided "by inspection'" into three distinet regions. The
regions wore designated I, II, and III, and it was suggested that these
regions were related to the affinity of P for at least threc energetieally
different reactive sites, A similar isotherm—splitting technique was
used by Bache (1964) for gibbsite and short-range order hydrous ferric
oxide,

The simplest mechanism proposed by Muljadi et al. (1966) is
that region I ( sites with a high affinity for P ) corresponds to P
exchange with an =OH counterion of an —Al(OH)2 group situated on the
edge face of the crystal, This grouping would be common to oxides,
hydrous oxides, and kaolinite, The recaction sites responsible for
sorption in region II werc considered to be similar tc those of region
I, because the binding energy values ( K, ) for regions I and II, cal-
culated from the Langmmir adsorption ecquation, were similar, If this



was true, however, therc should be ne distinct boundary between the

two regions ( since K, = slope/intercept ). Region IIT was thought

to be associcted with the occlusion or diffusive penetration of P into a
short-range order or semicrystalline rogions of the surface ( Maljodi
et al., 1966 ).

These rather simple mechanisms proposed by Muljndi et 2l. (1966)
have been modified as a result of more recent work by Hingston ct al.
( 1967, 1970, 1972 )« They consider that anion adsorption occurs by
two distinet mechanisms. An anion added to 2 hydrous oxide system nay

be 3

(a) clectrostatically attracted if the net surface charge
is positive, but does not exchange with a ligand in the inner Helmholtz
planc ( i. Hep )o These anions are weakly held, and have no effeet
on the charge of the surface, This is reforred to as non-specific
adsorption, examples being NO, and C1™, and nny be described by Scheme

1«

3

SCHEIME 1

+ +

/ 2 - / 0H2 - 2
N0§ x u NO

F\\\\\ % ) F\\\\\

OH

M

2 e

Bulk Coordinntion
oxide Layer

i.H.P.
Altornatively the anion may :

(b) exchange with a surface ligand and form partly covalent

bonds with lattice cations. This is referred to as gpecific adsorption,

and can occur whether the surface has o net positive or negative charge.
The amount of anion adsorbed is far greater than would be expected for
non=gpecifically adsorbed species, which arec adsorbed according to

their relative abundance in solution. Most anions fall into the

- gpecificelly adsorbed category and arc gemerally derived from weak acids.

At pH valucs where the acid is fullydissocianted ( e.g.3F )

specific adsorption occurs only to the extent of the positive charge



of the surface ( sce Scheme 2 ) and little specific adsorption occurs
at pH values more alkaline than the zero point of charge ( z.p.c )
( Hingston ct al., 1972 ) .

SCHEME 2
om, | * 08, e (2)
Jt///// 5 ¥ Qf// -
M NO —_— + H.0 + NO
F\ 3 \ 2 3
\0H2 7

For nn incompletely dissocinted acid ( cege, H2P042- ) specific adsorp-
tion at a positively charged surface is thought to oecur by an exchange

reaction, as described in Scheme 3 ( Hingston et al,, 1972; Breeuwsma
and Lyklema, 1973 )e

SCHEME 3%
/0H2 + OH o (3)

, D
W

$ BP0, gt M/
o, H,_PO

4?"—*\ 2
2704

M

When the pH is higher than the z.p.c.s maximn adsorption,
according to Hingston ¢t al. ( 1967, 1970 ), is determined by the pro--
portion of ions in solution that arc able to donate and accept protons,

and enter the coordination layer by effecting a ligand exchange, dis—
placing H,0 and/or OH™, as secn in Schene 4.

SCHEME 4
/OH i /OH R )
M | b BP0y
'\ | e S &\
“0H l HP04 .

Hingston ef al. (1970) have suggested that, in all cases, specific

adsorptior. renders the surface more negatively charged. Brecuwsma and



Lyklema (1973), however, argue that negative charge does not always
increase with specific adsorption of Ps Recent work in this labora-
tory by Ryden and MeLaughlin ( pers. corm. ) using soils and a hydrous
ferric oxide gel has added support to the claim of Brecuwsna ond
Lykloma (1973).

Hingston et al. (1967) denonstrated that for nonobasic ncids,
silicate, and borate, thorc is an adsorption nmaxirun a?’ the pKa of the
acide For orthophosphate and other polybasic acids, however, there
is a discontinuity at ecach pKﬁ valuc, the onc at the highest pKa velue
being the most marked. The observation of the approxinately 1:1
corrclation between the pH at maximunm ndsorption and the PKa valuo
suggests that specific adsorption depends on the ease of dissociation
of the conjugate acid at the surface. At or near the pKé value the
energy required to abstract a proton is at a minimn, the proton being

required for the removal of a surface OH, as in Schene 4.

In the casc of orthophosphate, both anions which can accept
or donnte protons ( H2P04", HP042_ ) arc present in equal concculiweiicns
at the-pK  of orthophosphoric acids According to Knfleafi nand Bar-Yosef

2
(1969), because HPO42- c

face than does H, PO, , thc rolar anounts of P sorbed decrease as the

270
pH nnd the proportion of HPO,°~ inercasc. This intorprotation has

4
been ecriticised by Breeuwsna and Lyklern (19'73) who found that sorption
ok pPH = pKa2 did not deviate from that at other pH values when the
anount of acid required to keep the pH constant during the sorption of

P by hematitc was considered,

an contribute morc negative charge to the sur-

A nunber of workers have used these concepts to explain the
observed effects of pH on anion sorption, not only by oxides and
hydrous oxides of Fe and Al, but also by other soil conponents, and
goils, Exanples nay be found in the work of Beckwith and Reeve (1963)
for silicate, Sims and Binghen (1968) for borate, Reiscmaur et zl.
(1962) for nmolybdate, Gecring et al. (1968) for sclenite, Harward and
Reisenaur (1966) for sulphate, and Watson ot al. (1973) for the horbi-
cide, 2, 4=D.



2 Cloy mincrals

Sorption of P by clay minornls ( layer silicates ) has been
studied widely ( de Hoan, 19653 Myljadi ¢t al., 19663 Kuo nnd Lotse,
1972 ). It is widely recognised that active aluminiun ( that located
on crystol surfaces ) is capable of removing smnll but significant
amounts of P fron solution. The gencral congtitution of the alunino-
silicate lattice involves shects of Al ond Si layers; the Al layers
noy be sinply alternating with Si layers ( 1:1 type, c.g., knolinite )
or be-bounded on both sides by Si sheets ( 2:1 type, c.2., pontmorill-
onito,verniculite Yo Succesgsive Al atoms in the Al layer share O-atons
with tetra-coordinnted Si of the upper ( or lower ) Si layer, in addie-
tion to sharing OH, At the edge of the lattice, pairs of Al atonms
which normnlly share bonds with —~OH groups ( thus forming the edge—
situated hydroxy Al atoms ) are believed to be bonded prefercntially
to P groups if present at satisfactory concentration ( ae Hoan, 1965 Vs
The result would then be o~ bonding between edge-Al and H2PO4" ions cor~
parable to the situation between AL and Si sheets.

-

Muljodi ot 21.(1966) and Kuo and Lotse (1972) have postulated
that the nechanism of P sorption by koolinite is similar to that for
P sorption by hydrous oxides of Al; nanely, the replaccnent of water

nolecules and/or OH at the surface of the active conponent.

Kafkafi and Bar—-Yosef (1969) denongtrated that the slope of the
curve of sorbed P on the surface of kaolinite, as a function of pH, had
discontinuitiecs at two points, one at pH 7.0 and the other 2t pH 10.5.
The elose relationship between these pH values and the pK&2 and pan
volues for orthophosphoric neid suggests thot the mechanisn of P sorp—
tion nt clay nineral surfaces is the scne as that proposed by Hingston -
et ale ( 1967, 1970 ) for oxides and hydrous oxides of Fo and AL ( i.c.,

speeific adsorption ).

3e Short=range order aluminosilicntes.

Of the short—range order conponents, allophone=like materinls
have been shown to be particulorly effective in the sorption of P.
Hypothetical models of allophane prcesented by Fieldes and Schoficld
(1960) and Udagnwa ot al. (1969) suggest that the structure of the
aluninosilicate in its electrostatically ncutral state is such that a

hole in the uncompleted Al tetrahedron will convenicently house an



oxygen aton, Thus, in the prescnce of water it is liko‘ly that this

site will be occupicd by o coordinnted water nolecule, These tetra-
hedral Al sites have specinl affinitics for anions containing oxygen,
and P sorption is thereforc assumed to occur by o ligond oxchange ro-
action with wnter molocules ( Fieldes nnd Schofield, 1960 ).

Cloos et 231...(1968) studied P sorption by allophane-like synthetic
nluninosilicntes. Kinetic plots of P sorption showed two linear pore
tions, I and II, with distinctly differcnt slopes. Thesc werc assuncd
to rosult from two diffusion processes occurring in the course of tirc.
They suggested that portion I mny be related to o double exchange roe=

action involving:

Silicomnlumine~ ~AlT = polymer + K& + H,P0,”

-+ + &
+ Al =polymer - ;&2P0 5

== silico-aluminy =~ X

This implies that H2P0 4- nay be specifically adsorbed through exchange
rooctions with OH groups associntod with Al(OH)2+ ions and hydrozy=Al
polymers ( Cege, AJ.6 (0H)126+ . 12H20 )¢ For portion II, Cloos et al.
(1968) suggested that nolecular absorption or occlusion of P was posse—
ible, a nechanisn sinilar to that proposed for Region III by Muljadi

ot al. (1966).

4e Calciuncarbonto

It is genorally believed that caleium carbonnte plays an inporte
ant role in the sorption of P by calcarcous soils, although the signific-
ance of this conmponent relative to the more reactive Fe and Al conpon-
ents is not clear. Although both Cole gt al. (1953) ond Kuo and Lotso
(1972) nove shown that P sorption by 0aC0, could be described by the
Loangrmir adsorption equation at P additions of less than 15 pg/nl,
their data were inadequate to dclinente a two-slope Langrmir plot at
low final-solution P concentrations, as reported by Griffin end Jurine

ak (1973)

A more intonsive study by Griffin and Jurinak (1973) led these
workers to conclude thnt the interaction of P with the calcite surface
resulted from a hetorogeneous mucleation process, visualized as foll-

ows 3



10

The initial adsorption of P takes place on & linited number of specific
surface sites. As adsorption proceeds, site coverage incrcases to -
the extent that lateral interaction occurs betwecen the adsorbed ions,
which ecventunlly rcsults in surfaoce clusters of H2P04_ ions, These
clusters then scrve as centers ( heteronuclei ) fron which crystal
growth can occur. This interpretation was corroborated by the electron
nicroscope studics of Stuan nnd Leckie (1970) who showed thnt cxposurc
of calcite erystels to P solutiong resulted in the developrient of anmor—
phous or scricrystalline clusters of H2P04_ on the surface which gra-
dually change into surface nuclei ond ultimtely into hydroxylapatite.
Somasundagran and Agor (1967) provided a detailed account of
the surface charge propertics of CaOO3 and related these to the ability
of CaGO3 to sorb anions from solution. Differentinl hydrolysis ro—
actions appear to result in the development of a net charge on the suiw
face of the caleite particle., The potential-dcternining ions are
Ca2+, H+, HCO., , and OH , producing a net positive charge at pH values
less thon 945 ( the z.pe.c.) 2nd a net nogative charge at pH values
greater thgn 9.5 ( Somnsundaran and Agar, 1967 ). Thus, anions can
be adsorbed non-spccificnlly by electrostatic attraction to the ealeits
particle at pH vnlues below the z.pecs, Or, in the casc of H2PO4" .
specifically adsorbed by ligand exchange with bicarbonate ions nnd/or
carbonate ions existing at the surface of the cnlcite particles  Acc.rd-
ing to Kuo and Lotse (1972), the rclative adsorption strength of P and
other anions present will depend on the "solubility" of the compound

formed with surface Ca2+ ionse.

De Hunic fiubstances

Hunic substances are probably of very linited dircet inportance
in the sorption of P by scils. This is because the functional groups
in such compounds require very low pH values for protonation to occur.
Hunic substances, however, nay influence the sorption of P by soils in

two ways @

(a) In the presence of humic substances, P sorption by
soils nay be reduced., This is attributed to the
fornntion of complexcs between the humic-acid and
active AL and Fe ( Gorbunov, 1959; Gaur, 1969 ).
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(b) Levesque nnd Schnitzer (1967) denonstrated that Fe—
and Al- fulvic acids could interact with P to forn
stable conmplexes. In the low (1:1) nolar netal:
fulvic acid ratio preparation, P occurred os the ortho-
phosphate ion bonded through the metal to fulvie-acid.
In contrast, in the high (6:1) ratio preparation, a
considerable proportion of P occurred as the metal
phosphate nixed physically with fulvic acid-netal
phosphate.

The significance of hunic substances, in particular organic
anionic polyners, as conpeting agents in the gorption of P by soils will

be discussed in greater detail in Section II.

B. Mechanisn of P sorption by soils

Because of the very complex nature of soils it has boen diffie-
oult to postulate mechanisns for P sorption by a whole soil systen.
Attenpts to relate mechanisns of P sorption developed using pure con-
ponents to whole soils have rarely been made, To extend such nechan-
isns to wholc soil systems, however, it is necessory to kmow which
conponents are important in P scrption by soils., In an attenpt to
identify the components invelved in P sorption by soils, nany workers
have used sclective chemical dissolution techniques to remove certain
conponents fron the soil ( Willians et al., 1958; Bronficld, 1965;
Syers et 2l., 1971 ), and have attenpted to relate the decrcase ( or
increase ) in P sorption to the particulsr conmponents rernoveds  These
procedures have denonstrated that the sorption of added P is generally
better correlated with Al paraneters than with Fe pararmters. The use
of seleotive dissolution techniques, however, is unsatisfactory for two
nain rensons, Firstly, the renmoval of one soil conponent by a cheni-—
cel extractant may expose P sorption sites which play little or no
role in P sorption by the untreated soil. Secondly, anions present:
in the chomical extractant used, if not rcmoved by washing, may cffect-

ively conpete with P for sorption sites.

The cation—cxzchange capacity (CEC) of soils is known to increase
as a consequence of the sorption of P ( Toth and Bear, 1947; Coleman
and Mehlich, 1948 ). The increase in negative charge has been attribut-
ed to the replacement of —0H2 and/br -0H groups by H2P04— at the surface
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of a conmponent, with a subsequent shift in the z.p.ce of the surface

to lower pH values ( Hingston et al., 1970 ). More cations are therc-
fore roquired to balance the additional negative charge produced by the
specific adsorption of enions, Lowering of the z.p.c. in tropical
soils, as 2 consequence of specific ~dsorption of anions, has been
clearly deronstrated by Van Raij and Pecch (1972) and Mekaru and Uchara
(1972).

Using six Conneeticut soils, Sawhney (1974) observed that at
low pH values ( € 5.,0), the increcase in CEC resulting fron P sorption
occurred nainly by replacerent of octaohedrally coordinnted water nole-
cules on minernl surfaces. At higher pH values ( > 6.0 ), increases
in CEC werc largely due to replacenent of hydroxyls by polyvalent
phosphate ionse Further, for soils of tenperate regions, Sawhney (1974)
showed that oxides and hydrous oxides of Fe¢ and Al, rather than layor
silicates, were prinorily rosponsible for the incrcase in CEC as a ro=
sult of P sorption, Similar results were reported by Mekaru and

Uchara (1972) for tropical soils. These workers observed a pesitive

3

of these ions occurred, however, os soon as 8042— was added, which tends

sorption of NO, or C1” in ferruginous tropical scils. Negntive sorption
to support the view thot specifically adsorbed anions increase the nega-
tive charge,

In a conparison of the sorption of nolybdate, sulphate, and
phosphate by Australian soils, Barrow (1970) showed thot as the pH
of the solls decreased fron 6 to 4, the ratio of sulphate to phosphate
sorbed incereased by a factor of threes, This was attributed nninly to
the increased ability of the surface to domate a proton to 8042-, a
suggestion which has not been denonstrated experinentally.  Over the
sane pH range, the ratio of nmolybdate to phosphate sorbed incrcased by
a foctor of 20 The slope of this rclationship with pH was consistent
with the hypothesis that adscrption occurs when icns, capable of donate
ing and accepting protons, cxist simultoncously at the interface of the

adsorbing phase with the solution.

Syers et al.(1973) dononstrated that sorption isotherms for
added P ( for finel solution P concentrations up to approxinmately
15,ug/ml ) consisted of two linear relationships when plotted according
to the Langruir equation, indicating the presence of two populations
of sites having a widely differing affinity for P, It was suggested
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that these two lincar relationships were the result of the differing
binding cnergies of o range of soil components, possibly involving

different nmechanisns.

The rate of P sorption by soils follows two rather distinct
pattorns ( Kurtz ot al., 1946; Ronnic and MoKercher, 19593 Fox and
Kanprath, 1970 ), nanely an initially rapid adsorption resction followod
by a very ruch slower reaction which can procced for nony days. It
has been claimed by severazl workers that the time-dependence of P sorption
regsults fron the diffusive penetration of P into soil nnterials,  Auto=
radiography has been used to study the diffusion of P in intact soil
( Gunary, 1964 ), in scil aggregates ( Larscn ~nd Gunary, 1965 );and
through soil to plant roots ( Lewis and Quirk, 1967 ). Mathenatieal
expressions describing the flux of P in solids have been presented by
Lowis and Quirk (1967) and Nye (1968), The ponetration of P into soil
crunbs was studied by Evans and Syers (1971) using autoradiographic
33P. Autoradiograns of
31P for varying

periods cf tine showed a rathoer rapid penctration of P, which incicescl

techniques involving the low encrgy isotope,

soil crunbsg which had been in contaet with 33? and

vith tine. This fact, along with the obscrved reduction in exchango=-
ability of the sorbed added P with time, substantictes the hypothesis
that the penetration of added P is o diffusion-controlled process which

is rapid,

It is possible that the diffusive penetration of adsorbed P
could result in the regencrotion of sites for further P sorption. The
rate at which regeneration occurs would depend on the P concentration in
the soil solution whichy in turn, deternines the diffusion rate. ILow P

concentrations in sclution would produce a slow rate of diffusion.

Any attenpt to describe the nechanisn of anion sorption by soils
will probably be as rmuch concerned with the characteristies of the anion
as with those of the soil. The forrmulation of a general thcory for anion
sorption by soils is conplicated by a nunbor of factors. For oxanple,
N03- is not strongly sorbed at any pH, whercas nolybdate, which is
strongly sorbed at low pH, becomcs less strongly held as the pH rises;

for borate the reverse is true,
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1X. THE INFLUENCE OF COMPETING INORGANIC AND
ORGANIC ANIONS ON THE SORPTION OF P BY
SOIL COMPONENTS AND SOILS

The phosphate anion is strongly sorbed by soils, especially
those containing short—range order Fe and Al hydrous oxides. In a
scil/soil solution/plant root systen, the plant competes suéccssfully
for nitrate, sulphate, and chloride ions, but it may be greatly overw
natched by the soil when competing for a high-affinity anion like phos-
phates Distinct depleted zones near plant roots have been observed
on autoradiograns of soils equilibrated with 32P ( Lowis and Quirk,
1967 ) Theoretically, P sorption by soil conponents and soils nay
be reduced by the addition of high affinity anions with the phosphate
ions., Conpetition for sorption sites results and the anions are
partitioned betwecen the adsorbent and the soil solution in accord with

their respective affinities.

Onec of the earlieat studies of the cffect of conpeting anions
on P sorption was carricd out by Mattson (1927). He observed that the
citrate ion restricted P sorption by soils to a large degrce, whereas
the sulphate ion displaced only noderate quantities, and the chloride
ion still lesse. Shortly after, Denolon and! Bastisse (1934) observed
that less P was sorbed from e solution containing another "adsorbable!
anion, such as tartrate, citrate, oxalate, and silicate, than fron-a

solution containing a largely "non=ndsorbable" anion, such as NO, ,
s0, 2~
4

accurmlated which shows that different organic and inorganic anions

s Or C17, Since this time a considerable anount of cvidence has

counteract P sorption by soils; it is gonerally agreed that organic

anions are superior to inorganic anions in this respect.

Ae Influence of inorganic anions on P sorption by soil

e

conponents and soils

The effectiveness of-inorganic anions in reducing P sorption
by soil conponents and soils, and the factors responsible for the diff-
erent affinities of the various arions to the adsorbent surface, have
been gudied by a number of workers ( Deb and Datta, 1967-a, b; Barrow,
19703 Hingston et al., 1970, 1971; Obihara and Russell, 1972 ).
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The observation by Kinjo and Pratt (1971) thot P sorption was unaffect-
ed when the concentration of HOSH was varied from 0.25 to 0,001 M
supports the theory of Hingston ot al. (1967) thot non-specifically ~d-
sorbed anions arc ineffective in reducing P sorption by soils,  Sinmi-
lorly, -Cl™ has little effeect on the levels of added P sorbed ( Megarajoh
ot ale; 1968 ).

The oxtent to which specifically adsorbed inorganie anions
conpete with P for serption sites appears to be related to the form of
the anion present in solution, which in turn is influenced by the pH of
the systen. For example, Obihara o2nd Russell (1972) deronstrated that
the maximun adsorption of silicon from solution by three soils occurred
at pH 9.2, whercas the maxirmn- adsorption curve for P fronm solution
showed breaks in slope at pH 6«44 and 11.6. These values- compare closely
with the respective pKa valuesy for silicic acid the pKa1 value is 9.6,
whereas the pKa and pKa values for phosphoric acid are 6.7 and 11.3,
respectively, In 2 nixed solution, sufficiently concentrated in both
silicate and phosphate to give naxirun sorption of cither anion if pre=-
gsent alone, silicate did not affcet the amount of P sorbed until the
pH was above 6.5 to 7.0, At this pH, the maxirun sorption curve for
silicate crossed that for P, Using a range of inorganic ncids, Hingston
et al. (1970) denonstroted o hizh correlation between the pKa values of
the conjugate acids of the varicus anions and the pH values at which
specific adsorption showed a narked change. This suggests thnt specific
adsorption of anions depends on the case of dissociati on of the conjugate

acids at the mineral surface.

Barrow (1970) has used the relationship between pKﬁ valuecs and
the pH at which the specific adsorption of anions shows a marked change
to explain the results obtnined for the sorption of phosphate, sulphate,
and nolybdate by soils. The nore acid the scil, the nore sulphate
gorption was favoured relative to P, The anounts of sulphate sorbed,
however, werce ruch-smnller than the amounts of P sorbed. Also, the
nore acid the soil, the more nolybdate was sorbed relative to P or
sulphate. In this regard, the sorption of nolybdate provides an in-
teresting contrast to P.  Accurate volues for the pKa2 of nolybdic
acid are difficult to obtain becausoe of the tendency of nolybdate to
polynerize, but the valuce appears to be close to 4,0, Thus, it has
been assunoed by Barrow (1970) that at PH 4,0 the forms present are

the fully charged M0042_ and the partially charged HMoo4"'. It was
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concluded that the ability of nolybdate to compete with P is determined

by the proportion of molybdate ions present in the fully charged state.

Lis a conpeting anion, sulphntc differs from molybdate in that
the ratio of sulphate sorbed to P sorbed is less affected by increascs
in pH.: The pK:12 for sulphuric acid is about21.9, nnd henee cven at
PH 440, nost of the anions arc present as SO4 ~ and only a smll pro-
portion as HSO, . Hingston ot ale (1970) have suggosted that the

4
doninant riechanien of 8042_ adsorption involves the domation of a proton
fron the surface to the 8042" ion, thus explaining the greater ability

of sulphate to compete with P under acidic conditions,

Hingston ¢t al. (1971) deseribed the conpetitive sorption of
P and sclenite, and P and arsemate on oxide surfaces by a Langrmir-
type exchange equation. Their results show that at any pH value the
maximun anount of adsorbate on the oxide surface depends on the identity
of the anion. Secondly, they postulated that the sorption sites were
of three kinds : common sites, sites where only one of the conmpetitors
can be sorbed, ~nd sites wherc only the other can be sorbed, Obihara
nnd Russell (1972) did, in fact, find this to be thc case for the

specific adsorpticn of P and silicate by soils,

In nixed systens, it appears thot it is possible to occupy
norc sites-with anions than when either anion is present alone ( Hings-
ton et aley, 1971 ). Using the anion exchange equation, these workers
showed that the ninimun area occupied - per anion for P plus selenite
on gocthite B was about 37 RZ at pH 5, compared with 63 22 for selon—
ite and 69 Rz for P when sorption was neasured in the absence of com-
petitorse These data were intorpreted ( Hingston et ale; 1971 ) as
showing that one anion in the absence of conpetitors is shared between
two Fe atons on the crystal surfnoce through a bridging link, The pre-
gence of a second anion appears to render the other Fe sites on the
surface available for sorption, possibly by having two bridging ligand
links attached to cach Fe aton. The rcason for this is not clear.

It is difficult, therefore, to arrange conpeting anions in
order of their cffectiveness in reducing P sorption by soil conponents
and soilse Their effectivencss appears to depend on the noture and
properties of the soil, the pH of the support mediun, and the concen-
tration of both P and conpeting anions in solution. In a nixed systen
of P and another anion which is specifically adsorbed, any increase in
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the net negative charge resulting from the adsorption of the other anion
should result in a reduction in the amount of P sorbed ( Hingston et al.,
1967, 1970 ).

B Influence of organic anions on P sorption by soil

components and soils

That organic matter has o beneficial role in reducing the
capacity of sgoils to sorb P, end therefore increacse the availability of
native and added P to plants, has been reported by lHidgeley and Dunklee
(1945) ond Kononova (1971). Swenson et al. (1949) assigned a specific
role to organic matter in making P more available to plants., They ob-
served that certain organic anions were effective in reducing P sorption
by Fe and Al components, and in liberating sorbed P from these components,
at low pH, The most effective organic anions were those which were known
to form stable complexes with Fe and Al. It was suggested that such
anions were produced by microorganisms during the decomposition of orgenic
matter in soils,

A large range of organic compounds have been identified in the
root exudates of plants ( Rovira, 1965 ¥ These include maony organie
acids known to form strong complexes with Fe and Al. Exemination of
the root=goil interface under the electron microscope has revealed a
slimy gel between the root and the soil colloidal particles ( Jenny and
Grossenbacher, 1963; Brams, 1969 ) which has been called "mucigel",
This material is considered to consist of pectic substances, chiefly
partially methylated polygnlacturonic acids. These acids have been
shown to be highly effective in reducing P sorption by soil components
( Wagarajah et al,, 1970 ) and soils ( Struthers and Sieling, 1950 ).

The effectiveness of an organic anion in reducing P sorption
by soil components and soils appears to be related to the structure
of the organic molecule and the pH of the system, Struthers and Sieling
(1950) reported that each organic anion varies in its ability to compete
with P as the pH changes. They concluded that at any pH within the
range of values for agricultural soils, there are some organic anions
present that are markedly effective in reducing P sorption by Fe and Al

components,
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Anions which would be expected to exhibit a high affinity for
hydrous Fe-and Al components contzin a multiplicity of oxygen=containing
( carbonyl, phenolic, and carboxyl ), sulphur-containing ( sulfhydryl,
thioether, and disulphide ), and nitrogen-containing ( amine and azo )
groups; these are polar donor groups (1igands) which can gupply a pair
of electrons to metal cation acceptors, forming chelates ( Dwyer and
Mellor, 1964 Js Adjacent donor groups provide an opportunity for 5-
or 6~ membered ring closure, which is a feature of chelation, as shown
below :

Some of these chelating compounds have been shown to be very effeeotive
competing anions ( La Fleur and Craddock, 1967; DNagarajah ot al.,
1970 )e

0f the range of commonly=occurring soil organic substances
considered by Struthers and-Sieling (1950); Bradley and Sieling (1953),
Deb and Datta ( 1967 a, b ), and Nagarajah ot al. (1970 ), it appears
that citrate and oxalate are the most effective in reducing P sorption
_ by soil components and soils, On the other hand, malonnte, tartrete,
and malate appear to be only moderately effective, whereas acctate,
sucecimte, and lactate have little effect on the amount of P sorbed.
Some of the amino acids commonly found in the rhizosphere solution
( alanine, aspartic acid, lysine, and threonine ) were virtually ineffect-
ive in reducing P sorption ( Struthers and Sieling, 1950; Nagarajoh et al.,
1970 )o

A significant result obtained by Nagarajah et al. (1970) in
their studies on the competitive sorption of P with organic anions on
kaolinite and hydrous oxide surfaces was the marked effectiveness of
polygalacturonate in reducing P sorption. In contrast, the monomesz
galaoturonate hardly decreased P sorption. Polygnlacturonate is known
to form stable chelates eontaining five- and/or gix~ membered rings with
Fe and Al ions ( Schweiger, 1964 )s A related observation is that the
polymer has been found to complex Ca2+, whercas the monomer does not,



19

The ability of polygalacturcnate tc decrease P sorption by soil compon—
onts may suggest that this compound can have a similar effect on soils

and possibly promote the desorption of sorbed P from soils.

The bicarbonate ion hos also been shown to be effective in come
peting with P for sorption sites ( Nagarajah et al., 1968 )e The con-
centration of bicarbonate in the soil golution depends on factors such
ag pH and soil moisturc content. Burd ard Martin (1924) found tha® the
bicarbonate concentration in the soil solution of two alksaline soils

with o moisture content of 12.5% varied from 0.14 x 10-'2 I to 0.42 x

1072 M.

The work of Hingston ct al. ( 1967, 1970 ) on the spocific
adsorption of inorganic anions suggests that anions of certain weak
organic acids would also .2 adsorbed specifically at pH values near the
pKﬁ values., This was confirmed by Nagarajah ct al. (1970) who reported
that the ability of any orgonic anion to compete with P for sorption
sites was greatest at a pH corrcsponding to the second pKﬁ value of the

organic acid,

It appears from the literature that when P and an organic anion
arc present togethor, the decrease in P sorption by an adsorbent results
from the specific adsorption of the organic anion which causes compoti-
tion between P and the organic ainion for sorption sites. Whether an
organic anion is capable of decreasing P sorption or not would be de-
termined by the relative stabilitics of the Fe- and Al- organic anion
complex and the Fe~ and Al- phosphate complex,
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IIT. THE INFLUENCE OF COMPETING INORGANIC AND
ORGANIC ANIONS ON THE DESORPTION OF SORBED
P FROM SOTL COMPONENTS AND SOILS

Although the mechanism of depletion of sorbed P in response
to plant upteake is not completely understood, desorption must be an im—
portant step in the process, particularly when the concentration of P
in the soil solution is inadequatec to satisfy plant requirements. As
plants progressively deplete P from the soil around their roots, the
availability of the sorbed P is expected to be partly dependent on the
charactoristies of the desorption isothern,

Anion exchange rcactions have been described by Dean and
Rubins (1947) as the substitution of onc anion on the exchange complex
by another anion which is present in the soil solution in greater con—
centration or possesses a stronger tendency to hold its position on the
cxchange complex. Kurtz et al. (1946) found that various anions replaced
sorbed P in the following order @ fluoride > oxalate > citrate 7>
bicarbonate > bornte > acetate 2 +thiocyanate > sulphate » chloride.
Borate, acetate, thiocyamate, sulphate, and chloride removed similar or
smaller amounts of P than water. The stability of the complex formed
between: the anion and Fe or Al, comparcd with the Fe— or Al-phosphate
complex, was thought to determinc the ability of the anion to replace P
( Swenson et al.; 1949 ).

The increase in the net negative charge of Fe and Al surfaces
resulting from the specific adsorption of inorganic anions led Hingston
ct al. ( 1967, 1970 ) to conclude that the desorption of P could only
occur when the displacing anion is specifically adsorbed and present at
sufficient concentrations to incrcase the net negative charge of the
surfacc. They suggested, therefore, that €1~ and N03- could not desorb
P because these ions are non-specifically adsorbed and cannot make the
surface morc megatively charged. Brecuwsma and Lyklema (1973) have
since cleimed, however, that specific adsorption of P and other anions
does not always increase the negative charge on the surface, Polybasic
organic acids, such as citrie, tartaric, oxalic, malic, and carbonic
acids, which are found in root cxudates ( Rovira, 1965 ), conform to

the requirements of Fingston et al. (1970) and have been roported to be
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effective in replacing P from soil colloids ( Dean and Rubins, 19473
Swenson ot 2l., 1949; Deb and Datta, 19672 )

Both Muljadi cf al. (1966) and Kafkafi et al. (1967) have
shown that P sorption by gibbsite and kaolinite is reversible for
changes in pH, When the samples were washed at constant pH, the
equilibrium points did not correspond with the adsorption isothern.
Similar results were noted by Hingston ¢t ale. (1967) for selenite
sorbed on goethite, and by Aylmore ct als (1967) for sulphate sorbed on
Fe and Al oxides. Knfkafi et al. (1967) suggested thnt this irreversi-
bility was due to the adsorbed P bheing rclocated to positions of strong=
er binding to the surface which occurred when the concentration of P
at the surfaco was reduceds Hingston et al. (1974) proposed that the
P sorbed on kaolinite, which could not be desorbed on washing at con-
stont pH, formed two coordinate bonds at the surface, whercas P which
could be removed by washing was held by only onc bonde The proposed

reaction is shown schemntically as 3

o= =1
OH OH
-‘._______‘ _ = '0 -
o< °71 7% ¢ _vashineo o \o\ A1+ om
OH constant pH P
O : \Fo-f‘o" e
‘ \ 1T
OH2 0.12
(5)
Roversibly adsorbed P Irreversibly adsorbed P

This mechanism also provides an explonation for- the decrease
in negative charge observed during washing ( Hingston ot al., 1974 ). The
effect of this might be to incrcase the attraction betwecen the surface and
the ions remaining in solution because of the decrcasing negative charge
of the surfacc, The reason for the lack of reversibility is still in-
completely urnderstood. Evans and Syers (1971) have suggested that the
diffusive penetration of P to internal surfaces with time could be ine
volved,

The above scheme for anion desorption ( Hingston et al.,
1974)may be used to explain the observation of Hingston et al. (19'?1)
that the minimum surface area occupicd per anion for P plus selenito
competitively sorbed on goethite is approximtely half the surface area

for sclenite or P when sorption is measured in the absence of competitors.
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In the absence of competing anions, both P and selenite are specifically
adsorbed forming bidentate ligands with surface Fe sites, whereas in the

presence of both anions, monodentate ligands are formed,

Both citrate and bicarbonate have been shown to effectively
desorb sorbed added P from kaolinite ( Nagarajah et al,, 1968 ) and from
soils ( Evans and Syers, 1971 ). DlNagarajah et al. (1968) demonstrated
the effectiveness of these two anions in decreasing P sorption by
knolinite and in promoting desorption of previously sorbed P from
koolinites,  Although the effects of the two anions on P sorption
and desorption were similcr, the concentrntion of the bicarbonate ion
required to achieve equiva ;ent desorption was much greater than that of
the citrate 3an ( 2 x 10 M for bicarbonate and 2.5 x 10 3M for citrate ).

The pH and ionic strength of the systems were also different.

Togarejah et ol. (1968) suggested that at the pH of the
systems used, the two onions existed in a form capnble of donating
and accepting protons, thus fulfilling the requirements for specific
adsorptions They further postulated that the charge existing at the
krolinite surface following sorption could be made up in a number of
ways depending on the sequence of sorption. When P wos added before
citrate or bicarbonate, a greater proportion of the charge was made
up by P; the converse was true if citratc or bicarbonnte was added
first. When P and citrate or bicnrbonate were added together, however,
the resulting isotherm was very closc to that obtained when citrate or
bicarbonate was added first. This reflects: the greater affinity of the
kaolinite surface for citrate or biecarbonate, relative to P, when the

anions exist together in solutions The reason for this is not clear,

Using autoradiographic techniques, Evnns and Syers (1971)
demonstrated that P sorbed by soil crumbs in a period of up to three
weeks was cgsentially non—-desorbnble by chloride or sulphate in 7 days,
The mobility of sorbed P, however, was greatly increased during desorp-
tion for 7 days with bicarbonate or citrate solutions, resulting in a
complete redistribution within the orumb, and up to a 60% replacement
of previously sorbed P. The applicability of such results to the
practical situction appears limited becouse of the high anion concentra-—
tions used ( 107" u ) and the wide pH range observed in the extracts of
the different anions.

An intercsting observation was made by Barrov ( 1974,b )
in a study of the desorption of P from soils by arscnate.
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With inecreasing time of contact between soils and P prior to arsennte
addition, the proportion of the added P which wns desorbed by arsenmate
decreased but remained independent of the level of P addition. This
suggosts that diffusion through the liquid phase from one adsorption

site to another was not involved, because the effective diffusion co-
efficient would be expeotcd to increase with an increase in the level

of added P ( Lewis nnd Quirk, 1967 )e This conflicts with the findings
of Evans and Syers (1971) who proposed a diffusive penoctration of adsorbed
P into the retaining component, cmphasizing the nced for further research
in this area,

The ability of specifically adgsorbed anions to desorb
proviously sorbed P appears to be related not only to- the concentration
of compcting anions in solution, the pH of the system, and the length
of time following P addition, but also to the propertics of the associated
cation ( Obihara and Russell, 19723 Barrow, 1974b ;. It is probable
that t'is effect is associnted with differcnces in the strength of ad=
gorption of the cation on component surfaces; cations that are specific-
ally adsorbed ( cege, Ca2+ ), would increasc the positive charge of the
surface, and therefore enhance P sorption rclative to non~specifieally
adsorbed ontions ( c.ge, Na' )o  Ryden ond Syers (1975), however, have
shown that the effect of the associated ecation on P sorption is purely
kinetio,
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IMPLICATIONS OF LITERATURE TO PRESENT STUDY

The ability of inorganic and organic anions to reduce P
sorption by soils, or to desorb previously sorbed P from soils, appears
to be related to the amount and naturc of compohents in the soil it—
self, the structure a2nd concentration of the competing anion, and the
pH of the systen. The theory of specific adsorption of anions, as
proposed by Hingston ot al. ( 1967, 1970, 1972 ); provides an interest=
ing explanation of the ability of cnions to compete with P for serption
sites on soils and soil components, According to these workers, any
increase in the net negative charge of the surface of the retaining come
ponent, rcsulting from the adsorption of a competing anion, should re=
sult in a reduction in the amount of P sorbed. The importance of pH
in determining the charge characteristics of both adsorbent and adsorbate
has also becn demonstrated ( Hingston et al., 1967, 1970; Mokaru and
Ucharz, 1972; Savhney, 1974 ).

The first and mejor difficulty in comporing the results
obtained in anion sorption and desorption studies by vmrious workers
arises from the lack of uniformity in experimental conditions., In tho
few dotailed studies of the competitive sorption and desorption of P,
the effectivencss of various anions has been confused by comparisons of -
anion systems of widely diffcring concentration ( Nagarajah ¢t al., 1968, ),
of widely differing pH ( Evans.-and Sycrs, 1971 ), and of different ionic
strength ( Obihara and Russell, 1972 Vs In most cases this makes corm
parison both within and between diffcrent studies virtually impossible,
thereby preventing cstimntions of the relative importance of each com-

peting anion.

In most studies relating to the competitive effeet of anions
on P sorption and desorption by soils, the concentrations of both P and
competing anions sustained in solution by the solid phase invariably
have been far in excess of those found in the soil soluticn ( Deb and
Datta, 1967 2, b; Barrow, 1974; .Gobhardt and Colemen, 1974 ) because
of the high levels of anions initially added. This does not provide
an adequate simulation of the soil system. In many casces the levels
of inorganic P added in competitive sorption/desorption studies with
soils have been sclected arbitrarily ( Obihara and Russell, 19723
Barrow;,; 1974 ) without rccognising that the relationship between P
sorbed by the soil and P sustained in solution can vary appreciably

for different soils,
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The purpose of this study is, firstly, to determine the
extont to which commonly occurring inorganic ond organic anions affect
the sorption of P by soils and, seccondly, to determine the cextent to
which inorganic and organic anions in the soil solution influcnce the
desorption of both native and ndded sorbed P from soils. In each case,
the level of P added to a particular soil is determined frem the adsorp—

tion maxinn of regions established using the Langruir equation.
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SORPTIOHN AND DESORPTION OF INORGANIC PHOSPHATE
BY SOILS AS INFLUSNCED BY COMPRTING INORGANIC
AND ORGANIC ANIONS

ABSTRACT

e e o L

The extent to which inorganic nnd orgnnic cnions, nt concentro—
tions relevant to tho soil golution, affeet the sorption of added inorgnnic
rhosphate (P)é ~nd influence the desorption of both proviously sorbed added
P nnd nntive P, wns studied using four contrasting soils. These soils varied
in propertios and amounts of components belicved to be importont in P
2y 70,”, 107211 S0 42", anli
M polygnlacturonnte (PGU) were gencrally

gorption rcactions in soils, In contrnst to 10
101 Hco;, 10™°M citrate and 10™°
effeetive in reducing P sorption ~nd in promoting desorption of previously
sorbed added P fronm the four soilse In all studics, howcver, 10-5H FGU
was more effective in this rcgoard than cquivalcont concentrntions of IO iy
3042“, HCO3-’ and citrates The greater affinity of P, zclotive to othow
anions, for sorption sitcs on components in the four soils obscorved:for
concentrations equal to or lower thon those of the competing anions, is
attributed to the strong covalent charccter of the bond formed between tha
phosphate ion nand the Fe and/or Al constitubting surface sites. Only

10" 3042", 10™2M citmte, and 10°°M PCU removed detectable amounts of
mtive P from the four soils. The importance of pH control is emphasizzi
by the results obtained for the sorption and desorption of P in the proae-
encc of other anions, Kinetic studies of P sorption in the ﬁresenco and
abscnee of competing onions over o 6-dny shoking poriod showod that No;,
3042-§ and HCO3" had little obscrwble offecct on the amounts of P sorbed

by the soils after the initial 40-hour shaking period. In contrast,

PGU produced a marked time-depondent inerecase in the finnl solution P
concentrntion with the Egmont and Okaihau soils, while ecitrate, under

the same conditions, caused a dromatic deecrecase with the Okaihau and
Waiarcka soils,. These two observations were explained in terms of a
steric hindrance effect for PGU, and an increasc in microbinl activity

3 citrate and 1072

PGU removed significant amounts of Fe and Al from the soils. A very

for citmte, Of the five anions studied, only 10

cloge relationship was established between the reduction in the amount
of added P sorbed and the amounts of ( Fe + Al ) removed from the
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Okoihau seil by increasing concentrations of citrate. This indicntes

that the reducticn in P sorption rosults primerily from the elimination
of n significant number of gites rather themm from 2 direct specific ad-
sorption of citrnte. A similar interpretation was given to explain the

competitive effcet of PGU.
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MATERTALS AND METHODS

Soils

Horizons developed from Egmont black loam (BG) developed
from andesitic tephra, Waiareka clay (B1) developed fron weathered
basaltic tuff, Okaihau gravelly clay (B2) developed from dceply weather—
ed olivine basalt, and Porirua fine sandy loan (B1) largely developed
from groywacke-dorived sands, were obtained fxom the refercncc sitos
for these soils (N.Z. Soil Burenu, 1968 )e The four soils were chosen
because of their range of components which are potentially important in
deternining the amount of inorganic phosphatc (P) sorbed by scils, The
soils were air-dried and moterial passing through o 2 mm sicve was used
for all analysecs,

Anion solutions

Five inorganic and organic anions suspeceted of showing a
ronge of specificity for sorption sites in soils werc-used in P sorption
ond desorption studies, These were nitrate ( NO3_ ), sulphate ( SO e Ys
bicarbonate: ( Hcog" ), citrate, and polygnlacturonate ( PO Do For all
experiments, enion solutions were prepared using the sodium salt and
the concentrations used were approximately equivalent to the concentri-
tion renges reported for these anions in the soil solution ( Burd and
Martin, 1924; -Baton ct al., 19603 Larscn and Widdowson, 1968 ).  For-
N03- and 8042-, 10-2, 10"3g and “5-5 M solutions, corrcsponding to high,
intermediate, and low soil solution concentrations were used; for citrate
and HCO,™, 102 and 10™ M solutions wore used; and for PGU 1072 o

and 10 Ipe
solutions werc used.

Sodiun perchlorate ( 10”1 M ) was usod as the support medium
to meintain a constant ionic strength and to serve ns an indiffcrent
electrolytes Phosphate solutions of differing concentrations were pree—
pared from disodium hydrogen orthophosphate ( N'a2HP04 )e Sodiunm
hydroxide or perchloric acid werc used to adjust the pH of all solutions

* The molecular weight (M.W.) of the polygalacturonie acid preparation
used ranged from 26,400 to 70,400, An M.W. of 50,00C was assuned

in solution preparation,
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to cither pH 5,5 ( solutions added to Oknihau and Porirua soils ),
or to pll 6.5 ( solutions added to Egnont and Wainrcka soils ). The

instability of HCO3— at pH values less than 6.0 prevented the preparae

tion of a 10-31'4 HCOB" solution at pH 5.5 For this reason HCCl; was
used as a oconpeting anion only in studies with the Egnont and Waiarcka
SOilS.

Ann ical nethods

Sorption of inorganic P in the presence and absence of
conpeting anions was evaluated by shaking duplicate 1=g soil sanples
with 40 nl of sodiun perchlorate support nediun containing the appropriate
anount of P and conpeting onion in 50-nl polycarbomte centrifuge tubes
( Onk~Ridze type ) om an end-overwend shaker at 21 C for 40 hours,
After shoking the suspensions were centrifuged at 15,000 rupente ot 21 C
for 10 ninutes and the supernatant solutions werc passed through a
0445 pn Millipore filter. 4An aliquot was tnken for the determination
of dimsolved inorganic Ps The amount of P sorbed was calculated as
the difference between P added and P in solution after shaking,

The levels of added P required to give o fimal solution P
concentration of 0 to approximtely 10 ug/ml varied with each soils
The naxirmn additions of P used were 3600, 2400, 900, and 900 pg ?/e
for Egnont, Okaihau, Waiarcka, and Porirua soils, respectively.

Data for the sorption of P.-by the feur soils were evalunted

using the Langmir adsorption equation, which can be written as follows :

K1 K2 c
* = 7T KT ()
where x = anount of P sorbed per gran of soil
K1 = a constant related to the binding cnergy
K2 = adsorption nmaxirunm

Q

= finnl solution P concentration

Equation (6) can be arranged to give ¢

1 PR (7)
X K1 K2 c K2
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A plet of &-vcrsus'% gives o serics of straight lines ( hereafter

referred to as "regions" ) fron which K2 (y = intercept"1 ) and K1

( intercept/gradient ) can be obtnined.

The extont tc which conmpoting anions rcduce P sorption
was determined for each scil using levels of ndded P corresponding to
40% of the adscrption nmaxirmn of the first two linear regions given by
the Langruir cquation, The levels of P added to the four scils are
given in Table 1 on n‘pg/g and o nolar basis. Anion solutions and P
solutions of appropriate concentrotion were added sirmltanccougly to
duplicate {=g soil samples with sodiun perchlorate as the support
nediune  After o 4O0=hour shoking period, the supernntants were ro-
covered and the concentration of P in solution deternined, The

anount of P sorbed was calculated as above,

The extent to which conpeting anions desorb previously
sorbed P was deternined for each soil by shnking duplicate 1=g soil
sanples with 35 nl of scdiun perchlorate-support nediun containing
the appropriate anount of P for 24 hours, A 50nl aliquot of tho
approprinte anion solution was then added and the tubes shaken for a
further 40 hours, before the concentrotion of P remaining in solution

was deternined,

The extent to which conpe ting anions desorb notive P
fron each scil was determined by shoking 1=g soil sanples with 40 nl
of support ncdiun conteining the a~ppropriate anion for 40 hours. The

anount of P in the final solution wns then doternined.

In addition to P concentration, the pH of all super—-
natants was also measured., The effect of pH on P sorption was de~
termined for each soil by adjusting the initial pH of solutions added
to 1=g soil sanples with either sodium hydrexide or perchloric acid,.
The additions of P used were 1350, 450, 850, and 350 ug P/g for Egmont,
Waiareka, Okaihou, and- Porirua soils, respectively. Following a
40=hour shaking period, the pH and P concentration in the supernatant
solutions were determined.

Kinetic effects of P sorption in the presence and
abgence of competing anions were determined for each goil at two levels
of added P, Additions of P were 1400 and 3600 pg P/g for Egment,

60 and 500 pg P/g for Waiareka, 200 and 900 pg P/g for Okaihau, and
50 and 400 ng P/z for Porirua., Anion solutions were added only at
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TABLE 1 == Levels of P added to the four scils expressed on

a pg/g soil ( or T/40 ml ) and a molar basis
}16, Pb

8oil Lovel of ~ddod P for :
Region I * Region IT & Region I ¥ Region IT *
(ne/e  or pg/40 ml) i)
EGMONT 200 1350 1.6 x 1074 1.1 % 1072
OKATHAU 150 850 1.2 x 1074 6.9 x 1077
A TOREKA 60 450 5,0 107 4:0 x 1074
PORIRUA 50 350 4.0 % 10~ 2,8 x 1074

*.
For 40% saturation of the adsorption moxirmn in ench regions
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M NO3-, 10"2Hi8042-, 10721 HCO,~,
10771 citrate, and 10724 U)o The appropriate amounts of P and.

competing anion were added in 2-ml and 5=-ml aliquots, respectively,

their highest concentration ( 1072

Oy 14 2, 2nd 3 days after commencing to shake 1~g samples of each soil
in 33 ml of sodium perchlorate support medium, Shaking was continued
far a further 70 hours. Consequently, the total time of contaoct be-
tween P plus competing cnion ranged from approximately 70 to 140 hours,
The supernatent solution of 211 systems was recovered and inorganic

P determined.

The method of Murphy and Riley (1962) was used for
the determination of P in all extracts and absorbance was measured at
712m using a Unicam SP 1800 B Spcetrophotonmcter. Citrate and PGU
solutions did not interfere in the colorimetric procedure at concentra-
tions less than 10™°M and 10_5M, respectively. The effects of microbial
activity, however, were apparent with increasing time of contact between
P and citrate or PGU solutions ( Table 2.1 ), the levels of P in solution
showing a-morked decrense with time, Addition of I!'gCl2 as ¢ microbial
inhibitor, at a concentration of 40‘pg/nl; arrested this observed decrease
in P levels ( Table 2.2 ). Interference fron Hg2+ in solution was
elinminated by the use of a2 metabisulphite-thiosulphate reagent ( Tillman
and Syers, 1975 ) prior to P determinotion, Congequently, all experi-—
nents were conducted in the presence of 40 pg HgClg/nl, added with the

sodiun perchlorate support nmedium, to inribit microbial activity.

The amounts of iron (Fe) and aluminiun (Al) removed fron
1-g sanples of each soil by conpeting anions in the presence of two
levels of added P during a 40-hour shaking period were deternined
colorimetrically by the ferron crthophenathroline method of Rainwater
and Thatcher (1960)e Tnc amounts of Fe and Al in the citrate extracts
were determined after oxidation of the citrate by digestion with HE03— -
32304, ignition at 45000, and digestion of the residue in 0.5 HCl,.
This method was alsoc used to determine Fe and Al in the citrate super—
natants fron the P sorption kinetic study using the Wriareka and Okaihau

soilg,

The relationship between P sorbed and the amounts of TFe,
or Al, or ( Fe + Al ) released from the Oknihou soil in the presence
of citrate was determined by shaking duplicate 1=g soil samples with
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TABLE 241 — Effcet of polysalacturonate (PGU) and citrate on the
colorimetric determination of inorganic P by the
Murphy and Riley (1962) nethod.

Anion systenm Milliabsorbance values of

golutions after :

30 ninutes 6 hours 40 hours
2 pg B/50 ul ; 205 204 202
2 pg B/50 nl + 107°M PGU 10= 204 157 153
2 pg P/50 nl + 107U citmte ol 203 196 136
2 pg P/50 mi + 10™H citrobo 204 203 203
10 pg P/%0 nl ; 103 102 102
10 pg B/50 ul + 10~ PGU 1= 102 101 51
10 ug P/50 ol + 10"31“I citrate 22‘118 103 84 69

5

10 pg B/50 nl + 107 °M citrate 103 103 102
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TAELE 242 = Bffect of polygnlacturonate (PGU) and citrente, in the
presence of 40 pg HgClz/nl, on the colorirmetric determina-

tion of inorganic P by the Murphy and Riley (1962) ncthod.

Anion gysten Iilliabsorbance values of

solutions after

6 hours 40 hours
2 pg B/50 nl + HgCL,, % 205 204
10~
2 pg B/50 nl + HgCl, + 1071 PGU gcn 205 R
2 pg B/50 ml + HeCl, + 1072M citrato )°°lls 203 204
10 pg P/50 nl + HgCl, ) 103 103
10 pg P/50 nl + HgCl, + 10721 Py c:l" 103 102
10 pg B/50 nl + HgCL, + 10724 citrate )colls 10% 103

2
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40 nl of sodium perchlerate eontaining O:and 850 pg P and citrate
solutions of 10°, 10-1, 10-2, 10—3, 10-4, and 10~ M concentration.
After a 40~hour shaking period, P, Fe, and Al were determined in the
supernatant solution following oxidation of citrnte as described abovec.
The extent to which citrnte reduced P sorption was ealculated from the

difference between the finnl solution P concentrotions in the presence
nnd absence of added P,



RESULTS AID DISCUSSION

A, Sorption of Added P

The four sofls varied appreciably in their ability to sord
added inorgonic phosphate (P)s At the highest levels of P addition
for each soil, Egnont sorbed 92% ( 3600 pg P added/g ), Okaihou 82%

( 2400 pg P added/g ), Waiarcka 62% ( 900 pg P added/g ), and Porirua
54% ( 900 pg P addod/g ) of added P ( Figure 1 ). Variation in the
ability of the four soils to sorb added P appears to be related to

the amounts of certain components believed to be inportant in essonw-

tially controlling P sorption by soils ( Table 3 ).

flthough the Okaihou soil has a higher surface arco and
containe o considerably greater amount of crystalline Fe components and
associated Al ( CDB=Al ) than the Egnont soil, its ability to sorb P
is not as greant, This nmoy be duc to the greater amount of short—range
order Fe and Al components in the "allophanic” Bgmont soil, The
ability of short—ronge order Fe and Al components, including alumnino-
silicates, to sorb added P is usually greater than that of the crystanll-
ine analogues ( Gorbunov, 1959; Gastuche et zl., 19633 Fox et al.,
1971 ). ‘

In comparison with the Egnont and Okaihau soils; the
Weiareka and Porirun soils sorbed much lower amounts of Pe  The latter
two soils contain smoller amounts of both erystallfne and short-range
order Fe and Al conponents ( Table 3 )s The slightly greater ability
of the Waiarcka soil to sorb P, compared to the Porirua soil, moy be
attributed to the higher clay content of the former ( 68% compared to
15%, rcspectively )e Becnuse the soil components thought to be- involved
in P gorption arc themsclves interrelated ( Syers et al., 1971 ), it is
difficult to determine which components naoke the largest contribution

to the sorption of P by the four soils studied.

When the sorption data for the four soils arc plotted
according to the Langmiir equation, described carlier, three linear
relationships were obtained for cach soil, suggesting the existence
of threce populations of sites, each with a widely differing affinity
for P Figure 2,1 denonstrates this relationghip for the Waiarekn
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TABLE 3 ~— Sonme charocteristics of the soils used.

i Soil Horizon Depth pH Exchongeable Crystalline CDB Short=range order Total clay
cn Al Fo Al Fe 7%} %
mt/100 g
EGMOUT BLACK LOAM BC 43 - 61 Tt 1.03 21 8 19.5 133 41
OKLTHLU GRAVELLY CLAY B2 23 = 40 5.0 0.57 139 124 5e2 18 31
WAIAREKL CLAY B1 17 = 30 6e3 0,84 5e5 1849 448 10.6 68
PORIRU/. FINE SLNDY LOLM B 20 =33 5.0 0.72 T3 10 343 546 15

Data for Bgmont, Okaihou, 2nd Porirua secils are token from Ryden and Syers (1975)

Dats for Waicreln soil were obtained ervloying nethods described by Ryden and Syers (1975)

*
Clay mineralogy ( as % of < 2 pn froction )

Egrnont : 75% cllomhone, 25% gibbsite-
Oknihau : 53% gibbsite, 29% koolinite, 24% free Fe,0,

Waiareka: 100% rontrnorillonite
Porirua : 33% interlayercd hydrous micn, %1% vernmiculite, 17% kaolinite

*
Date from New Zealand Soil Bureau (1968)
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and Porirun soils, Binding encrgy values ( X, )and.adserption maximn

1
( Ké ) were c~leulated for region I ( straight line plot corresponding-

tc high %-valucs ) fron ( grﬁdiontb1 % intercept ) and ( intercept-1 ),

respectively., In order to calculate the K1 and Ké values for region
IT it was necessary to subtract the adsorption maximum for region I

( KéI) from each of the x walues for the dota points in region II.
Tigure 242 shows a plot of region II datn for Waiareka and Perirua
s80ils using corrected vnlues. A third region is evident on the Lang=
mir isotherm for Loth scils at'% values less thon 0.3 mlﬁgg. Becruse
region III corresponds to rather high finnl solution P concentrations
(> 333 pg P/ml ), emphasis was placed on Regions I and IT in sube

sequent studics.

The adsorption moximn and binding energy values obtained
for regions I and II for each soil are shown in Toble 4. For all
gsoils, recgion I described & relatively sml1l population of sites having
a high affinity for P, compared to thnt of region II, The levels of
added P used in subsequent experiments corresponded to 40% of the ad=-
gorption maximn for ench region. It is ossumed thot ot this level of
addition most of the P will be sorbed by sites hoving the highest
affinity for P, with little sorption occurring in a region of lower
affinity., This approach appears advantageous in that the ability of
an anion to compete with P for sorption sites may be related to a
particular rcgion on the isotherm having a reasonnbly-well defined

affinity ( or binding energy ) for P.

Be. Sorption of Added P in the Presence of Competing Anions

L. As evalunted by P adsorption isotherms

The extent to which competing anions affect the P sorption
characteristics of Egmont, Waiarckn, Okaihou, ~nd Porirua soils is
shown in Figures 3.1, 3.2, 3.3, ond 3.4, respectively. Only the
highest anion concentrations were used as it was assumed that lower
anion concentrations would have less effect on P sorption., For the-
Egmont soil, the P sorption isotherms in the presence of 10~%x 3043“,
10™u HCOS—, and 10™°M PGU are so similar that they plot-on the same
curve ( Pigure 3.1-). Similarly, for the Wainreke soil, the iso=

therms for P alone, 10-2M N0, , ~nd 16-3M H003- arc plotted as one
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FIGURE 2.1 ¢ Isotherms for the sorption of added inorganic P by

Waiareka and Porirua soils obtained using the Langmuir

adsorption equation

a Waiareka soil

b Porirua soil
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FIGURE 2.2 : Isotherms for the sorption of added inorganic P in

region II by Waiareka and Porirua soils using the
Langmuir adsorption equation, Data replotted after

v L 5 s (e 5
Ké was subtracted from each of the observed x values

for region II.

a Waiareka soil

b Porirua soil



TABLE 4 = Adsorption naximn ( Ké ) nnd binding energy values
( K, ) for inorgenic P sorbed in regions I and II
by the four soils, colculated from the Langruir
adsorption equation following o 40-~hour shoking
period,
Soil Adsorption mzim (X Binding elergy values
(pale ) (21/pg)
Region I Region II Region I Region II
EGMONT 709 1736 197 3492
WAIAREKA 203 422 12,0 04330
OKATHAU 459 1020 29.1 2450
PORIRUA 164 339 3346 04477




FIGURE 3 -

Isotherms for the sorption of added inorganic

P by the four soils in the presence and absence

of competing anions following a 40=hour shaking

period
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curve, a8 arc the date for 16_2H 8042" and 10-5M PGU ( Figurc 3.2 s
The snall differences in the anounts of P sorbed by the two scils in
the presence of these conmpeting anions at final solution P concentra-
tions of 1 and 4 pg/nl are shown in Table 5, to indicate the very smll
differences in anounts of P sorbed.

Tt is irmediately obvious that 10 °H w,”, 10211 5042"‘, snd

10—3M HCO3— hove only o limited ability to reduce the anount of P- sorbed
by the four soils. This observation is particularly intercsting,
especially in the ense of H003_5 which is comnonly believed to be very
effective in reducing P sorption by soils ( Nagarajah et nl., 1968 ).

As discussed earlier, howcver, these workers used HCO3" concentrations

( 10-2M ) that were rmuch hizher than that nornally found under slishtly

acid soil conditions, and thot used in this study.

In contrast, 10"3M citrante proved to be very effective in
reducing P sorption by all soils, This was cspecially- the case for
the two soils studicd at pH 5.5 ( Okaihsu and Porirua ), the reduction
in P sorption at a~ finnl solution P concentration of 5)ug P/nl being:
21, 42, 51, and 77% for Egnont, Waiarcka, Okaihau, nnd Porirua soils,
respectively., The cffectivencss of 10_5M PGU in reducing P sorption
was nost noticcable with the Porirun-soil and at low final solution P

concentrotions with the Okaihnu soil.

II1. At defined levels of added P

The ability of competing anions to reduce P sorption by
the four soils was studicd using levels of added P equivalent to 40%
of the adsorption meximn for regions T and II for cach soil, The
dato in Tables 6.1, 6.2, 6.3, and 6.4 show the finnl solution P con-
centrations following a 40=hour shaking period of the soils with the
specified levels of P and conpeting anions, The increase in P in
solution as o result of the presence of a conpetins anion is expressed
as a perecentage of P in solution in the aobsence of competing anionse.
Any increase in P in golution may be interpreted as a decrease in the
anount of P sorbed by the soile It is inportant to point out, however,
that at low levels of added P, o high porcentage increase in the finnl
solution P concentration does not necessarily indicate a large decrcasc

in the anount of P sorbcd.
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Anounts of P sorbed at finnl solution P concentrntions
of 1 and 4Jpg/hl by the Egnont soil in the presence of

1021 so4 , 10721 HCO,”, and 10 >} Pav, - and by tho_

Waiarekn soil in the prescence of P alone, 10 M NO,

102 100,y 10 21 50,2", ana 1072

4
A0=hour shaking period.

3 ’
M PGU, following a

Anion systens

Arnounts of P sorbed ()u;&g) at finnl

solution P concentrations

of :
B 1 pg/nl 4 pg/md
EGMONT
10"y 5042"' 20730 2920
10™2n 11003'" 1995 2905
0"OK ey 2020 2880
WATAREKA
P alotic and 102N No; 262 435
10™H HOO,~ 265 442
10™%N S0 42" 053 418
107°n  poU 251 424
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Effect of conpeting anions on the final solution P
concentration vhen scils are shaken for 40 hours
with solutiong cont~ining both inorganic P and anions
at the indicated concentration. Anounts of added P
correspond to 40% of the adsorption noxinn of rogions

I and IT of the Langruir adsorption isothern,
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TABLE Go4] - gront soil

. B S . S s o . s .

Anion systen P in sclution following adcition of :
200 pg P/g soil 1350 pi P/g soil
4 P in solu- % inerease Jg Pin % increase
tion per g of P in solu~ golution of P in
goil : tion : per g golution :
soil :
Soil + P 0.210 - 6477 o
L "o 4 10~2H 3:03‘" 0,203 - 3.33 6430 = 6,94
1" non oy 10"3M NO3" 0.218 3._60 6998 2.40
" noon oy 10-51-1 1‘103- 0.288 233 Te15 5.00
" noowog 10"'2}.{ 3042" 0,398 7041 1145 6847
" N 10"351 3042— 04382 63,2 Te93 163
(18 noon o 10"'5[-_.1 5042_ 0.273 1646 670 0
n ooy 10"‘31-,1 HCOB- 04398 70.1 8,96 31e4
" LU LY 10"'51.'[ }1'003- 0,203 0 . Te34 TeT0
moow oy 10™0H citrate 0,920 293 29.8 336
L W Moy 10-5M citrate 0,320 3647 7460 1.6
" "o 10-5I‘I PCU 1416 396 11,9 7540

n "oy 10‘71{{ PQIT 04320 36T 7«20 570
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Wainrekn scil

Anion systen

P in solution following addition of :

60 pg P/e so0il 450 pg P/g goil

A& P in solu- % increase Bpe P in solu- % increasc

tion per g of P in tion per g of P in
soil : solution : soil @ solution :
Soil + P 2,44 - 86.6 -

noowow g 407y Ly 2432 ~ 5.00 8644 0
ooy 00N N03— 2432 - 5.00 8742 0
om0 4 100N o~ 2.4 1,63 8646 0
noowon oy 10™%N 3042‘ 2471 1345 9047 4eT2
noomow oy 10708 SO 42“‘ 2,47 1,62 8740 0
noowon 4 1070H S0, 2.54 3490 8844 2,00
noow g 107N }1003" 2,07 ~1542 81.8 = 554
U 10"5M 11003" 2¢58 5452 8742 0
moon w4 1070K oitrate 1142 360 . 169 85e5
W4 107N citrate 2457 5e24 90¢5 5¢07
moonw 4 100N PQU 2.66 9,12 91,5 5,76
moow w4 10" TH PQU 2.48 1480 87.6 0
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TABLE 643 == Okaihau soil

Anion systen P in solution following addition of :
150 pg P/g soil 850 pg P/g soil
pg P in solution % increase Az P in solu- % increase
per g soil of P in solu- tion per g of P in solu
tion soil tion
Soil + T 04275 - 1147 -
noow o™y N0, 04265 ~ 3.60 12,0 5490
"o n07oH W, 0,275 0 11.9 1,92
" u ii+10"'f5M NOB— 0,386 40,0 12,0 3.00
" n ""‘10-21'1 8042— 0,858 _ 212 -. 276 136
noon ne0™oH S0 42" 04484 640 170 454
" H _f|+-r_1 O-SM 5042- 0!382 . 39.0 11,3 0
non n07ON citrate 1.86 575 85,3 624
w070 citrete 04250 o 1344 1446
noom n+10"51? PeU : 2,89 950" 27,2 133.

CwTw ow0™ T peu 0.798 190 1149 1,92




TABLE 6o/ == Porirun scoil

Anion systen P in solution following addition of @
50 pg P/g sdil 350 pg P/g soil
pg P in solution % increose of  pg P in solu- % increas
per o soil P in solution tion per g of Pin
soil solution.
Soil + P 1423 - 54 42 -
noow 0”2y N0, 1,25 0 55 o4 2420
" "oty 0"'3},1 N03" 1419 8] 5543 2,00
"o 400N w,” 1420 0 5547 2462
o n 0”2y 8042- 1459 29.4 6342 1844
" noorgg 0"31,1 3042"' 131 6 .54 6146 13T
n " n+10"5]~.{ 5042" 1.24 0] 5549 3410
. " "07M citrate  25.4 - 1937 195 260
5 ; . -
" m “+‘£O-5M citrate 142 1544 6344 1740
no o onyq0™u pau 4400 225 7347 3640

n n u+10—7M PCU 1.36 10.9 61 O 1245
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3

sorption by the soils, two intercsting observations noy be made fron
the datas TFirddy, for the Bgnont soil at both levels-of added P
and for the Okaihau soil at the lower lewvel of added P, o small but

Although HO, is rclatively ineffective in roducing P

Progressive incrcase in the finnl solution P concentration was ob-
toined with a deecrease in NO3_ concentroation fron 10"2 to 10—5M.

Secondly, it was observed that P sorption was slightly enhanced i
2M WO, in the Egront soil, a 7% increcase in solus—

3
tion P concentration being obtained with an addition of 1350 pg P/g

the presence of 107

soil,.

Becauso-Nog" and H2P04- arc thought to be adsorbed by o

different nechanisn, i.c., non-specific for NO

3 versus specific fox
H2P04-; little direcet competition for adscrption sites should occuxc
VWorking with soils high in Fe ccnponents, Mokaru and Uchara (1972)

also observed that nore P was sorbed at higher NO3 concentrations,

They showed that inercasing the concentration of N03" at pH values
greater thon the zero point of charge ( "3 Co ) resulted in o loweri:-
of pH, which in turn incrcascd P sorption. Rather than suggesting
that this offcot wns pH confrolled, Ryden and Syers (1975) demonstratc?
that the inercasc in P sorption resulting from an inercasc in ionic
strength was kinetically controlled and that, at equilibriun, this
offcct disappeared., This sugrests that different N03" concentratirns
affect P sorption only through the rate at which equilibrium is atval:.-
ed,

In contrast to N03—, the ability of 3042"
sorption by the soils decrcases with a decrease in 8042‘ concentration
( Table 6 ) In most casecs, 10"2M, 10"3M, and 10™H 8042H ars nors

effective in reducing P sorption than NO, ot cquivalent concentrations,

3
This is particularly noticeable for the Egnont and Okaihau soils, and

to reduce P

suggests-a direet competition for sites by the two anions ( 3042— and
HP0,” ), rother than an ionic strength effcct ( as with N03— Ya

Although HCO?" has been shown to be very effective in
reducing P sorption by kaolinitc ( Nagarajah et al., 1968 ) the
rosults in Table 6.1 show that 10K HCO3- is only as cffcctive as
101 80 42"‘
Waiarcka soil ( Table 6¢? ) P sorption at both lovels of added P wao

onhanced in the presence of §0 M HOO, ™.

in reducing P sorption by the Egnont soile For tho

A possible rcason for this
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is discussed later. In contrast, 10™2x HCO3— hnd a very rmch smller
effect on the anount of P sorbed by both the Bgnont and Waiarcka soils.

Thesc results suggest thot the ability of HCO3"

by soils under naturcl conditions is not as great as that suggested

by Nagarajah et al. (1968) probably because of the high HCO3- concentra-
tions cmoployed by these workers. The data obtained in the present
study arc supported by the worl of Chen ct ale (1973) who showed that

Jeild X 1021 HCOB" had little effcet on P sorpticn by kaclinite and

to rcducce P sorpticn

&—nluninn,

A very marked increase in the finnl solution P concentra-
tion was obscrved with all scils and at all levels of added P when
10“3M citrate was present as the corpeting anion, This was especially
truc for the Okaihau-and Porirua soils, At the lower citrate con-
centration ( 10"5M ); however, therc was a morked decrease in the
cffectiveness of this anion to recduce P sorption by soils, In some
cases, and particularly for the Woiarcka soil, 10'“'5

ng offective as 1d_5H 3042—.

: -5 NI
Polygalacturonate at a concentration of 10 "M was cffceiive -

M citrate was only

in reducing the sorption of F added at lov levels to the-Egnont, Okaihou,
and Porirua soils, In two coses ( Egrmiont and Oknihou ); 10”5M PEU

wag more cffective in this regard thon 10"3M-citrate at low lovels of
added P ( 200 and 150 palis PVg, regspectively e This suggests thas

PGYU has the greatest offcet on sorption sites possessing a high

affinity for P, In contrast to tho data obtained for the other
B
M

5

goils, P sorption by the Woiarcka soil wos little affected by 10~

PGU. It is inmportant o note, however, that with all soils, 10 °H
. =~

PGWU is considerably more cffective in reducing P sorption than 10 M

citratc.

It is of interest to compare the ability of anions to
reduce P sorption by the four soils when the levels of added P and
anions arc compared on o noler basis. The molar concentrations of
addod P, corresponding to 40% saturation of the adsorption maxirun
of the two regions, arc given in Teblo 1. It is clear fron the date
in Table 6 that NO?“, 5042",and HCO3" have little offect on the anounts
of P sorbed by the four soils when thc o ncentration of the compe ting
anion is equal to or lower thon that of added P  Also, only 5042"
shows o significont competitive cffect at a rmeh higher concentration

( 107%M ) than that of P, In contrast to citrate, which is effective
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-

in rcducing P sorption a* concentrztions ( 10—3M ) equal to or greater
than that of added P, 10™°M PGU is offective in reducing P sorption ot
concentrations loss than that of added P, This observation again
indicatos that PGU posscsses n greater ability to reduce P sorption
than equivalent concentrations of citrate. The appreciable anounts
of P sorbed in the presenec of the highest concentrations of citrate
and Py ( 10-3M ~nd 10-5H, respectively ) demonstrate, however, the
high affinity of P for sorption sites, conmpared with the conpeting
anions, This probably roflects the strength of the covalent bond

formed during the specific adsorption of P at a conponent surface,

The cxtent to which added anions affect the finnl solution
pH of the four soils is deternined by the level of added P.and the
concentration of the conmpeting anion initially added ( Table 7 ).

In generaly the finol solution pH inercases with an inereasing concentra—
tion of P and conpeting anion added. The slightly higher pH valucs
obtained in. P sorption studies fron solutions containing 10—2M 3042_ »
10~ co,”, 10N citrate, snd 10~°K PGU may bo attributed 4o the

spe cific adsorption of these anions ( Hingston ct al., 1967 ), with the
agssociated rernoval cf protons fron and/or releasce of hydroxyls to
solution, Sinilar findings have been reported by Toth and Bear (1947)
and Colenen and Mehlich (1948), The difference in pH between finnl
solutions for a particular soil at a given level of added P and con-
taining differcnt anions, has been linited to 0.3 to 0.4 of a pH unit
by adjusting the pH of the solutions added initially to 6.5 ( for
Egnont and Wniarcka soils ) or to 5.5 ( for Okaihau and Porirua soils )3
these vnlucs approximte the pH values of the respective soils,  This
cnables a better comparison of anion effeets, per se, without scrious
conplications arising from pH differcnces, ot least for three of the

four soils used, as discussed belowe

The feasibility of conporing P sorption data when the pH
values of the finnl solution differ by 0.3 to 0.4 cf 2 unit noy be
deternined fron the relationship between final solution P concentrow-
tion and pH ( Fjgurc 4 )e The plot for each soil wns established for
one level of added P ( corresponding to 40% of the adsorption noxirun
of region II ). It is clear that for the Egmont, Oknihau, and
Porirua soils, any increase in solution pH will result in o slightly

higher final solution P concentration. For exanple, anions which



TABLE 7 —= Effect of anions in the presence of varying levels of added inorganic P on the finnl solution pH of the
supernctants of the four soils recovered following a 40-hour shaking period. Solutions added to Okaihau

and Porirua soils were initielly adjusted to pH 5.5, whercas thase zdded to Eguont end Wailareka soils
were adjusted to pH 6.5

Sal Level of added Supernatant pH velues in the presence of 3 L
P P alone Tiitrate ; Sulphate Bic..rbonate Citrate gﬁgxgalactu:=--

( pg P/g soil ) ‘ 1078 1078 10%n cPw 109M 1008 - 1008 100M 109M 10°n 197N 10~

EGMONT 0 i 6:C6 6:11 . 6310 617 6:14 6.11 6:20 6418  6.41 6522 6.24  6€.49
g 200 611 6:10 6.17 6412 6,29 6021 6.11 64521 6:19 6.61 6.21 6,30 6.19
1350 6.17 6429 6427 6.21 6.33 6,27 6,21 6,31 6429 6.60  6.23  6.29 6.19

WATAREXA 0 - 5:98 5:98 6,00 6.04 6,02 6,00 6,08 6:00 6.12 6.03 6.01 597
60 5.96 6.00 6.00 5:99 €.00 6.07 6.01 6412 6:06 6:19 6409 6:.04 6.00

450 592 5.95 6.00 599 599 597 6,02 . 6,20 5,99 . 6.10 5.96 6.00 5.98

OKATHAU 0 = 488 489 482 5T 5:09 4489 - - 5:22 485 5.27 4390
150 4,88 4486 4485 4:86 5614 502 4488 - - 5:18 490 5:20 4.88

850 4.97 4‘092 4-% 4090‘ 5017 5'02 4o98 - - 5-21 4-96 5-17 4-99

PORTRUA o} - 4,63 4,65 4:.65 4374 4570 4'.68. = . B 4:66 4360 4:92 4.68
50 4:61 4475 4479 4.T5 4386 4475 4373 - - 4370 4364 - 4:91  4:70

350 4-.62 4-60 4070 4-73 4076 4'070\ 4-70:- - - 4.72 4070 4'87 4‘71
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increasc the supernntont solution pH by 0,3 of & unit.at the highest
levels of P addition ( Pigure 4, Table 7 ) cause a 14, 20, and 6§ ine
crease in the finnl sclution P concentration for Egnont, Okaihau, and
Porirun soils, respectively. This suggests that the conpcting ability
of an anion procducing such 2 higher pH may be slightly exnggerated.
Failure to linit pH diffcrences in studies reported in the literaturc

mkes interpretation of the datn obtnined virtually inpossible,.

In contrast, the Waiarcka soil showed a sharp decrease
in final solution P concentration with an inereasc in pH. The cone
trasting behaviocur of the Waiarcks soil in this regard is difficult to
explain althouszh it is possibly assoccinted with the cherdecal tronsfornne—
tion or deconposition of montnorillonite suspensions with tire, as roe
ported by Brown and Miller (1971) and Steinbers ct al. (1974). The
effecet of pH on the finnl solution P concentration obtained with the
Waiarckn soil mny largely cxplain the pattern of P sorption by this
soil in the presence of corpeting onions ( Table 6.2 ), It appears
that the enhanced P sorption in the prescnce of 10"3H HCD3- iz a result
of the pH inerense ( 0,28 of o pH unit, producing ~ 10% decrease in
final solution P concentrntion; ( Pigure 4, Table 7))e  Sindlarly,
the linited ability of conpeting anions, in general, to reduce P
sorption by the Woiarcks soil may be partly attributed to the effeot
of pH on P sorptione. Any incrcasce in pH coused by the presence of
anions leads to an overestirantion of the anount of P sorbed by the
Waiarcka soil nnd an underestination of the conpoting ability of that

anion,

The results, therefore, suggest that pH changes have o
rother snall effect on the P sorption data obtained for three of the soils,
The ragnitude of such changes-mmust be evaluated when considering the
conpetitive ability of anions, as shown by the data obtained for the

Waiarckn soil,

C, Degorption of Previously Sorbed Added P and Native P

The cxtent to which cormpeting anions arc able to desorb
previously sorbed added P fron the four soils is indicated by the date
in Tables 841, 842y Be3, and 8¢4e The ability of the verious anions
to desorb P previously sorbed in 24 hours can be interpreted fron the
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Effect of conpeting anions on the fincl solution P
concentration when soils are shaken with inorganic P
for 24 hours, conpeting anions added at the appropriate
concentration, 2and shoking continued for a further 40
hours,. Anounts of added P correspond to 40% of the
adsorption mxina of regions I and IT of the Langruir

adsorption icothern.



TABLE S¢1 = Egnont soil
Anion systen P in solution following addition of @
200 pg P/g soil 1350 pg P/g soil
;gP in soln.--‘% irl-c.-z'loo.so of F AP in soln. ¢ incrcnsc of
per g soil in solution over per g soil P in solution
that after : over that after
21 hr# 64 hr# 24 hr* 64 hr*
Scil + P (24 hours) 0:323 = & 9446 = =
" n v (64 hours) 04242 - - 5.01 - -
noow g0y Mo~ 0,219 “ F = 98 4499  =4Te2 O
noow g0y N0 0,203 = 3Tyl = 16,1 5¢56 =404 7.5
moon ongy0™oy N03" 04234 - 2745 - 3.3 4486 m 4846 = 3,0
v ow HOTHEOE 52,8 71,0 9.68 2,39 87.3
noon 0™y sof" 04281 = 13,0 12,0 673 = 28,8  30.2
noon 0™ 5042" 04219 ~ 3241 = 945 5,58 = 41,0 @ T.@
noon onyg0™oy HCO,~  0.257 - 2044 640 5¢T3 = 394 1047
"m0y Hco; 04234 = 2745 - 33 5e41 ~ 42.8 5.0
non 407N citrato 04749 132 199 2148 131, 22
"M 144070 citrate 0,249 ~ 22,9 2,0 6410 =35¢5 1749
voowon0™PH B 1,01 206 303 9473 2,89 85,0
moowonggo”TH PQU 04367 1346 5040 5094 =372 1540
*Data for soil + P alonc at the appropriate tine.
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TABLE 8,2 —— Woinreka soil,
Anion systen P in golution following addition of :
60 pg Plg soil 450 pz P/g soil
p& P in soln, % increcse of P pg P in sgln. % increase
per g soil 3 in solution over ©per g soil of P in soln,
that after g%ggrtl:mt
24 hr* 64 hr* 24 hr* 64 hr#*

Soil + P (24 hours) 2446 - - 95,1 - -
nonon (64 hours) 2,402 - - 7843 -. -
noomon 4072y No,” 1498 -~ 19,5 = 1,90 78,9 =170 O
noom o 0™y N0~ 1499 ” 19,1 - 1440 18ed =175 O
noowon 41070y No; 1496 - 20,3 - 2,92 7845 - 174 O
noomow 0™y 8042—' 2412 - 13,8 394 81+3 - 14,5 3.60
w0 50, 1499 =194 = 140 783  =17.6 0
nowon 400N So‘_ﬂrz"' 2,00 - 18,6 - 1,02 78,8 - 171 0
nonon 0™oN HCO,~ 1464 - 333 ~ 1848 72,2 - LG T2
non o q0mon HCO,~ 1490 - 5249 - 5491 788 -1t O
noom o 407N citrate 8427 235, 305 154, 5847 92,0
nowon 070K edtrato 2406 - 16s@ . {H 7947 - 16.1 1,56
woomow 440~ PoU 2e41 - 2,0 177 799 - 15,9 1.70
noowow 410”TH PCU 1.96 ~- 2043 - 2,92 7843 - 176 O

*
Data for soil + P alone at appropriate tine,
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TABLE B43 —= Okaihau soil
Anion systen P in solution following addition of :
150 pg P/ soil 850 pe P/p soil
pg P in'solne % increase of P pg P in soln, % increase of
Per g soil in soln, over that por g soil ¢ P in soln.
after over that after,
24 hr* 64 hr¥ 24 hr* 64 hr¥
Soil + P (24 hours)  0.376 - = 1445 = -
Soil + P (64 hours) 0,134 - = 5692 - =
nou o2 No,” 0,129 - 65.6 = 3,71 5492 592 0
Woomony0™oy N0, 0.108 « T2 = 194 6402 58,5 0
noonongg0™on Noa" 0.108 -T2 = 19.4 5.95 ~59,0 0
woon om0y 3042‘ 04309 - 17.8 131 12,2 ~1549 975
noononyg0™oN 3042" 04129 - 656 = 347 9,31 ~35,8 5045
noowon0™on 8042" 0.129 - 6546 - 3.7 5¢98 =5808 - 1.00
Won 0™OM citrate 1645 286 984 29.6 97,0 377
Won 402U citrnte 04107 =B w204 8,91 ~38.6 4450
noomouy0™ON PGU 04605 6049 315 1449 2.55 141
moomougg0™TM PGU 04129 6545 = 37 5,88 =59 44 0

*
Dotae for soil + P alone nt appropriate tine.
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TABLE 844 -=~  Porirus soil
Anion systen P in sclution following addition of :
50_ug P/g so0il 390 pg P/g soil
p& P in soln., % increasc of P pg P in soln., % inerease of
per £ soil in soln. over that per g soil P in soln,
after 1 over that after.
24 hr* 64 hr# 24 hr* 64 hr*
Soil + P (24 hours) 1,43 - - 6148 - -
Soil + P (64 hours) 04726 - - 42,0 - e
"M 40PN W,T 0u726 = 4944 0 418 = 32.4 0
noon o 40”0y NO.T 04685 = 52.1 - 5.64 41,8 - 5244 0
noon o 410 N0 0,685 = 5241 - 5,64 4244 - 3144 0
noown 0 80,2 1,1 - 17,5 7540 48.8 =21,0 15,0
N 410™N 3042" 0,807 = 43,6 720 4544 =265 7.23
"m0 80,27 0,685 = 52uf - 564 41,3 <3342 = 1.66
Woon oW 44070 citrate 21,5 1409 2755 183 196 333
moom o 410N citrato 1420 - 1641 5647 4641 25,4 8.9
noow o 440™2N PEU 3,25 128 332 5043 ~18,6  18.8
W w10™TH Pay 0.806 - 4346 742 4.8 ~32.4 0
*

Data for soil + P alone at the appropriate tirc.
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inereage in the final solution P concentration as 2. percentage of thnt
obtained in the absencc of conpeting anions.,  Also, the percentage
incrcase in P in sclution in the prescnce of compeuting anions is ealculated
as o function of P in solution when added P is shoken with the soils

for 64 hours in the absence of anions, This, aolso reflects the extent

to which conpeting anions affect the continued sorption of P in the

40=hour period following the sheking of soils with P clone for 24. hours.

For all soils and at all levels of added P, in the abscnce
of conpeting anions, it is interesting to note 2 steady decrease in the
final solution P eoncentrotion with increased tine of shoking fron 24
hours ( Table 8 ), to 40 hours ( Tablec 6 ), and to 64 hours ( Table 8 ).
It is possible that an absorption reaction involving diffusive penetration
Evans and Syers, 1971 ) nnd site regeneration ( Syers and Willians, 1975 )

is responsible for the continued reroval of P fron solution,

Zero or positive values obtoined for the increase in P in
solution between 24 ~and 64 hours when corpeting anions are present
( Toble 8 ) indicates that the ability of o conpeting anion to desorb
previously sorbed P overrides the ability of the soil to renove P fron
solution during this tine, as occurs in the nbsence of cnions, At any
48-, and HCOB— showed o linited ability to desorb

previously sorbed P fron the four soils studied, ond, in nost cases,

concentration, n03",so

contimed rerioval of P firon solution wns obscrved in the prescnce of
these onions, The excoption was 102N 8042" which desorbed a small
but significant anount of P fron the Egnont soil but only at the lower
level of P addition ( 200 pg/g )e This suggests that the ability of

8042" to desorb P is largely deternined by 2 concentration factore

Polygalacturonste at 10~

M- was effective in desorbing previously sorbed
P fron the Egnont, Oknihou, and Porirua soils, but only at the lower
levels of P additions The ability of the Waiarcka soil to retain
previously sorbed P against desorption by conpeting anions, other than
107N citrate; is difficult o understend. It is possible that P is
sorbed by polymeric hydroxy aluniniun located in the interlayer space
of nontnorillonite in this soil, and in this forn is largely protected
fron desorption by the anions used, other than citrate. Conplexing

of Al fron interlayer polymeric hydroxy aluminiun by citrate could
lead to-desorption of P.  Although PGU can conplex aluniniun ( discussed
later ), the vory ruch greater size of the PGU polyner could preclude
entry of this anion into the interlayer space and hence little P can
be desorbed.
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In controst to these four anions, 10-334 cit;mtc was vory
effeetive in desorbing previously sorbed P from all soils and at all
levels of added P The increasc in P in solution in the presence of
10_3M citrate, cxpressed as a percentage of the final solution P con—
centration obtained in the ~bscnce of citrate and at the lower level
of added P was 132, 235, 286, and 1409% for Bgmont, Waiarekn, Oknihus,
and Porirua soils, respectively. The ability of 10771 eitrato to
desorb previously sorbed P fron the Porirun soil is consistont with the
earlier observation that citrate is capable of significontly reducing
the ability of this soil to gorb added P ( Figure 3.4, Tablc 644 )

With the Porirun soil, 10-31‘I citrate desorbed 41 and 42% of the P

sorbed in 24 hours when 50 and 350 pg P were addcd/g soil, regpectively;-
these values correspond to an incrcasc in P in solution of 1409 and 196%,
respectively ( Table 8.4 ).

The results in Table B8 suggest thnt the ability of anions,
other than citrante and PGU, to relecase previously sorbed P undcr condi--
tions similar to thosc existing in the soil solution of weakly acid
soils, has been overestimnted in previous studics. This is particularly
the case for HCO3", which has becn shewn by Nagnrnjoh et al. (1968) ond
Evans and Syors (1971) to be very effective in desorbing P fron soil
comnponents and soilse, The high concentration of HCO3_ used ( 10"2H
and 10—1}1, respectively ), often in conjunction with high pH values
(a pH of 9,5; BEvans and Syers (1971 Y ) are only relevant to soils
which have a very lirited distributiones The present study has showva
thet 100, is virtually ineffective in desorbing sorbed P under the

3
conditions useds It is important to enphasise the greater ability of
10"5H-PGU than 10_5M citrate to desorb previously sorbed P fron all

goils,

The oxtent to which competing anions affect the final
solution P concentration in the 40-hour period following the previous
shaking of soils with P alone for 24 hours, is also shown in Table 8.

In contrast to the data in Table 6, where an increasc in P in solution
in the prescnce of competing anions results fron o direct conpetition
for sorption sites, any increase in P in solution in this 40-~hour period
( mable 8 ), relative to the P alonc systen, may rosult- fron the desorp-
tion of P sorbed in the previous 24-hour sheking period, as well as
fron a reduction in P sorption during the 40 hours which occurs in tho
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presence of conpoting anions.. Although the % incrccse in P in solue
tion in the presence of sof", citrate, and BT in this 40-hour period
nay be equal te or greater than that when P and conpetins onions are
added sirmltancously to the soils mnd shnken for 40 hours ( Table 6 ),
the increase in the solution P concentration in the presence of onions
is elways greater in the latier syster. This sugzgests that the P
sorbed in the initial 24 hours is held so strongly that desorption by
conpeting anions is restricted.

At the lower level of P addition te the four soils,

and in the presence of 1072, 10"3, and 1072H N03_, it is interesting
to note o deerense in the fincl solution P concentr-tion conpared with
that for soil + P alone after 64 hours, The continued P sorption
observed in the presence of NO?‘ solutions denonstrates the inability

of Nﬂj_ toc conpete with H POA_ for sorption sites., 'The effcet of

increaging NOB“ concentraiion on P gorption is consistent with enrlicr
observations and ig intorpreted cs an ionic strength cffeet, as reported
by Rvden and Syors (1975)e TFor the Wniarcka socil, the large decrcase
in the fincl soluticn P concentrntion in +he presence of HGO3— sugrests
thnt HCO3 does not desordb P or interfore with continued P sorption

during the tire interval of 24 to 64 hours, This cnon be explained

by » pH effeet ( Figure 4 ), discussed vpreviously.

Datn for the desorption of nntive P fron the four
soils by the anions are presented in Table 9. Only 5042-, citrate,
and PGYT nt the highest concentrations used were capable of renoving
native inorganic P from the soils, the anounts renoved by eachranion

varying between soils, VWith the exception of the Egnont soil, 10-3M

citrate romoved more P than did 107
P than 10-2M 8042-. The total P contents of the soils used in this
study, ns published in New Zealnnd Soil Burcau Bulletin (1968), are

167, 152, 45, -and 20 rg/100 g for the Bgront, Wniarelka, Okaihou, and

Porirun soils, respectively.,  Thereforc, the proportions of totel

M P3U, which in turn rcnoved nore

native P desorbed by the respective anions are very small, The
Egrnont soil, in particular, denonstrates a particularly strong reten—

tion of native P,
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TABLE 9 == Effect of conmpeting anions on the desorption of native

inorgonic P from the four soils in & 40=hour shaking

period.
Anion systen Egnont Waiareka Okaihau Porirua

e ___p& P desorbed/g soil
10~2n oy 0 0 0 0
10™2u N, 0 0 0 0
10™2M N0~ 0 0 0 0
10™2H 5042" 0.148 0.110 04031 0
1072 50 42" 0 0 0 0
102K S0 ’ G 0 0 0 0
102 HC0,™ 0 0 . "
Ton) Hco; 0 0 - -
1071 citrete 0 2409 =y 0.484
10~ citrate 0 0 0 0
10~ Peu 04304 0 04499 04281
10~ PqU 0 0 0 0
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De Kinetics of P @orption in the Prescncc and Absence
of Cormpcting Anions.

Although it has been established thnt 3042‘, HGO., 4

citrate, and PGU of differing concentrations reduco P sorption: by

the four soils to a varying oxtent in a “O=hour shoking period, it

is not known whethor thesc effcets are naintained over longer periods
of tire, It has recently been shovm ( Ryden and Syers, 1975 ) that
cation valence ~nd ionic strongth of the support mediun affect only

the kinetics of P sorption and not the equilibriun solution P concentra-
tion. Consequently, an exporinent was designed to study the kinetics
of P sorption in the presence and abscnce of anions, such that oach

soil was shaken with the relevant P plus conpeting anion solution for

3y 4y 5y or 6 doyse Two lovels of added P but only the highest con—
centration of- competing anion ( 10™2H wo,”, 1072 50,27, 107K HCO, ",
10™M citrato; and 10™°M PGU ) woro used for each soils A plot of
final solution P concentrations opgainst the reciproeal of tirme of
shaking ( I:Ln:)m:'sm1 gave linear rclationships for cach conpeting

anion ( Figure 5 Vs Extrapolation of the relationship to infinite
tine ( 1/t = 0 ) was used to determine tho effects of the competing
anions on P sorption over extended periods of tinme. A separate study
( Ryden and Syers, 1975 ) has shown that particle breakdown, leading to
a possibly greater sorption of P, is not & problen with the Egnont, -

Okaihou, and Porirun soils for periods of shnking of up to six dayse

Fron the data presented in Figure 5 it is apparcnt that
for all soils, 10':'21-1 NO. has no effect on P sorption over the cntire

3

tire period, ie.es, the linear relationship obtained for the final
solution P concentration in the presence of 10~ 1«103'" falls on that
for P in solution in the absence of anions. Also, the straight-line
plots of final solution P concentration in the presence of 10~
3042- or 10"31& H003" with tine are essentially parallel to that for P
in the absencc of anions, This suggests that the effects of these
anions on P sorption remain constant over extended periods of tire
and provides an interesting contrast to the situntion reported for
cations ( Rydon and Syers, 1975 )e The obsorvation that the plot
of P in the final solution in the prcsence of 10“314 HCOSH-lies below

that for P alone in the Waiareka soil ( Fijgurcs 5.3 and 5.4 ) may again
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Figure 5 : Effect of conpeting anions on the final P concentration
of the four soils os o function of time. Anounts of
added P correspond to approximntely 40% of the adsorption

mxina of regions I ond IT

added/z soil
n&dcd/g soil
1ddod/g soil
added/g soil
Figure 5,5 Okaihau soil : 200 pg added/g soil
Figure 5.6 Oknihou soil : 900 ug P added/g soil
Figure 5,7 Poriruc soil : 50 pg P added/ﬁ soil
Figure 5,8 ©Porirun soil : 400 ug P nddod/ﬁ soil

Figure 5.1 Bemont goil : 1400 pg
Figure 5.2 Egmont soil : 3600 ug
Figure 5,3 Waiareka soil : 60 g
Figure 5.4 Waiarekn soil :500 pg

W W W d9g W oA

a P nlone

b 102N NO,
-l 25 s

c 10 "M SO4

a 107ou HCOB“

c 10"3m citrate

£ 107N PQU
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be expleined by o pH offcct ( Figure 4 ).

For bhoth the Fenont and Okaihnu scils at the lower
level of added P ( Figure 5.1 and 5.5 ), 10~°M PGU showed an increas-
ing ability to reducc P sorption and/or to pronote P desorption with
tinec. It is interesting to note that this effeet was observed only
for the two soils which have a high cameity to sorb added Po  Al-
thouzh the rcason for this is not clear, it is tentatively suggested
that the large size of the PGU polyrer ( M.W. ronging fron 26,400 to
70,400 ) linits the rate and oxtent of attachnent of the polymer to
the adsorbent surface becouse of steric hindroncc. With incrensing
periods of time, however, the active sites on the PG polymer possibly
becone orientated to the surface of a comnponent, This could explain
vhy PGU wos so effective in reducing P sorption over o 40=hour period
for the Porirus soil ( Figurce 3.4; Table 6 ). The results also
suggest that 10"5M PG ney be nore effective in pronoting the desorp—
tion of previously sorbed P over an extended time period-than the

results in Table 8 for a 40=hour shoking period indicatec.

T'or both the- Bgnont ( Figurc 5.1 and 5.2 ) and Porirua
( Pigure 5.7 and 5.8 ) soils, the plot of P in the final solution

3

agoinst tire in the presence. of 10 “M citrate renains approximntely
parallel to thnt for P alonc, indicating no change in the effect of-
citrate on P sorption with tine. For both the Woiarckn ( Figurc 5.3
and 544 ) and Okeihou ( Figure 5.5 and 5.6 ) soils, however, the
ability of citrate to conpete with P for sorption sites appears to be
drenatically reduced with tine, This nny be explained by ceither of
two possible reasons. Ferric iron which is initially rcnoved fron
the seils by 10"3H citrate may be reprecipitated as hydrous ferric
oxide, creating additional sorption sites. Alternotively, over tire
periods greater than 40 hours, the ability of Hg?lz to inhibit nicrobial
activity in the suspensions of thesc two soils nay decrensc. The
resulting build -up in microbinl populations could lead to utilisation
of both citrate, which is o well established energy pourcge for nicro-
orgenisns, and inorganic P, causing o reduction in the final solution

P concentration.

In order to deternine whether reprecipitation of Fe or
Al occurred in the kinetic-study of P sorption in the prescnce of
107N citrate ( Pigurc 5 ), thereby generating sorption sites and
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cauging o decreasc in final solution P concentrntion with time, the
anounts cf TFe and Al in the supernatant solutions of Woinrcka and
Okaihau soils were deternined, The results in Table 10 indicate
that therc is no obvious decrease in the concentration of Fe and Al
in the final solutions after 3, 4, 5, and 6 days of shaking. These
rather constant volues cerrespond to the ropidly decrcasing final
solution P concentrations in the presence of 10-3H citrate shovm in
Figurcs 53, 54, 5¢59and 5,6, The date suggest that Fe and Al

are not reprecipitated fron the citrate solutions,.

The doerease in finsl solution P concentration in tho
]

presence of 10 “M citrate with time for two soils probably results

fron the second of the two alternatives discussed above, It is not
easyyhowever, to explain why this decrense occurs in only two soils

( Waiarekn ond Oknihau ) ( Figurc 5 )s It is possible that the differ-
ence in behaviour eof these soils results fron the differcent levels of
nicrobinl activity, which in turn can be related to the organic matter
content of the soil horizons usede. Datn fron the New Zealand Soil
Burcau Bulletin (1968) show that the Bgnont (BC), Nniarekn-(B1),

Oknihou (B2), ond-Porirun (B1) soils contain 1.7, 3ed, 3e3, and 0.7%

of orgnnic cnrbon, respectively. This mny susgest, thorefore, that
both the Waiarckn and Oknihou soils have a potentinlly greater nicrobial
population vhich may be stirulated by citrate to the extent that it is
capable of ovorcoring the inhibitory effect of HgCl, ( 40 pg/nl ) in
shaking periods greater than 40 hours,

E, Rerioval of Fe and Al fron Soils by Anions

Becausce P sorption sites in seils are believed to occur
largely on secondnry Fe and Al conponents, it is necessary in anion
sorption studics to deternine whether the conpeting anion is being
sorbed prefercntially to P by these sites, or whether the anion affects
P sorption by conplexing the cation which forms the site. The ©oXe
tent to which conpeting nanions nnd added P rcrnove Fe and Al fron the
four soils is shown in Table 1§« Very sinilar results were obtained
when the soils werc shnken with anions in the abaence of P ( data not
presented ).
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TABLE 10 ~~ Anounts of iron ~nd aluniniun reroved fron the Wainreko
and Okaihnu soils by 10H3I‘I citratc ns a function of tinme
of shaking in the presence of added P
Systen and Iron Aluniniun Iron Alurdniun

shoking tine :

puoles in sclution per g soil

OKLIHAU
P+ 10_3}’{ citrcte 200 BE P added/f: goil 900 B P added/;:-' soil
6 doys 12.7 %.18 1141 3478
5 dl".ys 12.7 2.96 11.2 3.56
4- dr'.ys 12.7 3.18 11-1 3.61
3 d".ys 12.8 2.96 ‘11-1 3.70
WATAREKA
P+ 107N citrote 60 po P added/o soil 500 jg P added/s soil
6 days 2.54 1045 2.07 11a1
5 d?.ys 2.02 9.63 2-07 9-67
4 doys 2.22 119 2402 7«26
3 d&y‘S 2016 12.3 2407 10.4
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Anounts of iron 2nd alurniniunm removed from the four

soils by various nnions in ~ 40=hour shaking period.

Anion systen

Iron

pnoles Fe reuoved/g s80il

Aluniniun

pnoles Al rouovcd/ z

soil
EGHONT
No anions G095 1438
10™2u N0, 0,064 1.82
10™2H S0 42“ + 1350 pg P/g soil 04159 1450
10™2H HCO,™ 0,064 1,38
10™2U citratol 0449 9449
1071 PGU 0,095 2,97
WATARERA
No anions ) 0,064, 1,30
10™2M N0~ ; 0,064 1438
10~%H 3042“ 3+ 450 pg Bfg soil 0,032 1458
1071 HCO,™ 0,064 1,23
1072M citrate 2,42 8.90
10~2M PeU 0,125 1482
OKAIRAU
No anions 0,222 1454
10~2u N03" 0,095 1450
ot " 3042"' + 850 pg P/g sodl 0,254 150
107N citrato 1249 3408
1072 PEU 0.319 3440
PORTRUA
No anions ) 0 1642
10" NO,” 0.032 1458
102 3042" + 350 ug P/g soil 0,125 1494
1077M citrate 2,15 6482
10™°M PGU 04159 2,53
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Of the five anions studicd, excluding P, only 10-3M citrate
and 10-5M PGU extrocted significont quantities of Fe or Al from the
soils ( Table 11 )e Citrate was particularly effective in removing
Fo from the Fe-rich Okaihau Soil ( 12.9 umoles Fe/g soil ), only
moderately effective in the Porirus and Waiarekn soils ( 2,15 and 2.42
jpmoles Fc/g soil, respectively ), and removed only small amounts from
the Egnont soil ( 04449 pmnoles Fe/g soil ). The reversc order was
apparcnt for the romoval of Al by 10"3M citrate, There appears to be
no significont relationship between the amounts of Fe and Al extracted
and the amounts of short~range order nnd crystalline Fe ~nd Al compon=
ents in the four soils ( Table 3 ),

The ability of citrite to form stable complexes with Fe and
Al, end therefore to reduce P sorption has been suggested in several
studies ( Swenson ct al., 1949; Struthers nnd Sicling, 19503 -Bradley-
and Sieling, 19533 Deb and Dattn, 19672, by Nagarnjah et al., 1970 ).
These workers, however, have failed to define whether citrnte- removes
Fe and Al from soil components by forning "soluble" complexes, ox
whether citrntec forms complexes with Fe and Al a2t the surface of the
components Also, these workers have not determined the amounts of
Fe and Al extracted by citrate. Low ond Black (1947) demonstrated
that the reduction in P sorption by knolinite in the presence of
oxalnte wos direcetly relnted to the amounts of Al removed, and inferred
from this observation that citrate would probably show o similar effect.
Evans and Syers (1971) showed that apprecicble amounts of Fe were re—
moved from soil crumbs by high citrate concentrations ( 10T e The
complexing reaction may be attributed to bonding of Fe or Al ions
between ionized carboxyl and nlcoholic hydroxyl groups of the citrate

nnion ( Roberts and Caserio, 1965 ).

A comparison of the amounts of Fe and Al removed fron the
Okaihau spoil by equivalent concentrntions of citrate and PGU ( 10_5H )
shows that the amount of Fe removed by the two anions are apmroximately
the same ( 0,290 and 0.319 umoles Fe/g soil, respectively ), whereas
PGU removes considerably more Al than does-citrnte ( 3.40 pmoles/g
soil and 0.79,umoles/g soil, respectively | »

It is not clear why PGU removes grenter amounts of Al than
Fe from the four soils. The structure of gnlacturonic acid (below)
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suggests that the pelyrer ( PGU ) is a tightly bound chain formed by
H=bonding between hydroxyl and corboxyl groups ( Prcker and Vaughan,
1958 ) .

2
(I)H = QOH
H = ? - OH
i
HO - C - I
1 0
HO - C©C - H
|
H =~ €

CO,H SESE———

It is possible that the size of the partially hydroxylated
Al ion allows for nore extcazive complex formation with PGU than does

the ocorresponding Fe specics,

The significnnce of the formation of soluble conplexes
of Fe and Al with citrate in the sorption of added P by the Okaihau
80il can be seen frenm the rclationship between added P seorbed and the
anount of Fe, A1, and ( Fe + Al ) rclensed by citrate solutions of
varying concentration (fizurc 6, Table 12 ), As the concentration of
citrate is increased, greater anounts of Fe and Al are renoved fron the
s0il with a corresponding decrcase in the anount of a~dded P sorbed.
The relationship betweon added P sorbed and the anounts of ( Fe + Al )
released was particularly close ( Figure 6 ) The correlation coefficients
for the relationship betwoen % added P sorbed and the anounts of Fe,
Al, and ( Fe + Al ) rcleased by citrntc solutions of varying concentrae
tion werc very high, the respective values boing =0.995, =0.979, and <0,998.

Although citrate noy be specifically adsorbed by soil
conponents, as claimed by Hingston et al. ( 1967, 1970 ) and Nagarajah
et als ( 1968, 1970 ), the very close relationship between added P
sorbed and the anount of ( Fo + Al ) renoved by citrate ( Figure 6 )
indicates that the rcduction in P sorption by citrate results nainly
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TABLE 12 == Extent to whieh citrnte solutions of varying concentration
rerove Fe, Al, ~nd ( Fe + Al ) fron the Okaihau soil, and
roducce the anount of added P sorbed in 2 40-hour shaking
period, Inorgenic P ( 850 PE P/g soil ) was added with

citrate.
Citrate Finnl solution concentrotion (}nmﬂﬁs/g soil ) % added
concentration e of : P sorbed
(noles) Fo AL Fe + AL
101 231 81,0 312 4545
1072 167 4644 213 62,8
1072 4643 26,1 7244 84,5
Tomu 9.31 24,2 3345 9144
-5
10 0.194 1.27 1¢46 98,5

10° 0e452 0,723 1.18 99,0




fron site climinntion. A sinilar conclusion nay be reached for PGU.
It is apparent fron Figure 6, however, that approximtely 45% of tho
added P is still sorbed by the Okaihnu soil in the presence of 10_1M
citrate, indicating that not a2ll sites arc eliminnted, The observation
of previous workers ( Swenson et al., 1949; Bradley and Sieling, 1953;
Deb and Datta, 1967 7, b ) that organic anions arc generally nore
effective than inorganic anions in reducing P sorption by soils may,
therefore, be interpreted as n greater ability of  ormanic anions to
elininate P=sorbins sites on Fe and Al conponents, rnather than as o
dircct specific adsorption effect, as proposed by Hinzston et al.,

( 1967, 1970 ).
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CONCLUSICONS AND INTERPRETATIONS

The ability of the four soils used to sorb added inorganic
phosphate (P) was strongly influenced by the amounts of certain components
believed to be important in P sorption rcactions in soilss  The Egnont
soil, vhich contains a high quantity of short-range order Fe and Al core
ponents, sorbed more P than the Okaihau soil which contains a greater
amount of crystalline Fe components and associated Al ( CDB-Al )., These
two soils sorbed considerably more P than the Waiareka and Porirua soils,

which contein comperatively low amounts of secondary Fe and Al components.

The levels of added P used were not chosen arbitrarily, as in
previous studies, Use was made of the Langmuir adsorption equation in
establishing the amounts of P added to the soils. The amounts used in
competitive sorption and desorption studies corresponded to 40% of the
adsorption maximum for each of the first two regions on the Langmuir
isotherm, This has enabled comparison of the effectiveness of the various
anions at a nown point on the P sorption isotherm involving sites having
a reasonably well=defined afiinity for P. The range of concentrations of
the competing anions uged was selected on the basis of limited available
infornation on their concentration in the soil solution. This approach
contrasts with that adopted in many previous studies where infarmation
on competitive sorption and desorption effects of anions has been obtained
using mch hisher anion concentrations than those normally found in the
soil solution and these used in the mresent study ( Nagarajah et al., 1968;
Evans and Syers, 1971 3 Obiharae and Russell, 1972; Barrow, 1974;

bhardt and Coleman, 1974 ). _

It has been shown thnt 10™2M ¥, 102 3042", end 10721 HCO,™
have only a limited ability to reduce the amount of added P sorbed by the
soils, Sorption of P by the Igmont and Okaihau soils was slightly en=-
hanced in the presence of 1021 N03-, but this effect decreased with a
decrease in N03- concentration from 10-2M to 10~°M, Increasing iomic
strength increases the rate of P sorption ( Ryden and Syers, 1975 ), thus
explaining the data obtained. - Althoush 3042"' showed a greater ability
than NO3- to reduce P sorption, the effect was c_::ly small a.l:d appeared
to result from 2 direct competition between 504' and H2P04 for sorption
sites, rather than from an ionic strength effect, as suggested for NO3 .

According to Hingston et nl. (1970) the ability of 5042' to compete with
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H2P04" under slightly acid conditions is due to the formation of Hso4'
as a result of proton domation from the charged surface, This hypothesis
hns not been tested experimentclly.

At the two concentrations studied ( 10> and 10~21 5 nco3‘
wesg essentially ineffective in reducing the amounts of P sorbed by the
two soils investigated ( Bgmont and Waiareka ). It is suggested that
the ability of HCOB- to reduce P sorption under natural conditions has
been exaggeranted in the past because of the high concentrations of HCOS"
used in previous studies, often in conjunction with high pH values where
competition from OH becones inportant.

Both 10-3H citrate and 10~

P gorption by the four soils, This was particularly true for the two

5H PGU were effective in reducing

soils heving lower pH values ( Okaihau and Porirua )e This observation
tends to support the hypothesis of Hingston et al. (1970) that the come
peting ability of orgnnic anions is greatest at a pH corresponding to the
pka2 of the organic acid. According to these workers the pkag of citric
acid is 4,76, and the pkaz of polygalacturonic acid has been assumed to

be between 3 and 5 ( Nagornjah et al., 1970 )e There is no experimental

evidence,however, to suprort this clein,

The greater affinity of 32P04“, relative to other
anions, for sorption sites on the components in the four soils obtained
2— —
and citrnte, was attributed to the strong covalent charncter of the
bond formed between HéPO4_ and the Fe and/or Al constituting surface

sites,. In contrast, PGU competed effectively with P for sorption- sites

at concentrations equal to or lower than those of NO, , 80,

at lower concentrations than those of the added P, For all soils,
=5
10

same concentration.

M PGU was more effective in reducing P sorption than citrate at the

- 2

The ability of N0, SO, =, and HCOs" to desorb pre—
-2
M

viously sorbed added P was very limited, Of these anions only 10

8043" showed any capacity to desorb mreviously sorbed P, and this was

for the lower level of P addition to the Egmont soil., This again
suggests that the ability of these three anions, particularly that of

8042— and HCOS—, to desorb sorbed P from soils under natural conditions

has been gomevhat exaggerated by previous workers. In contrast to

N0, 3042’, and 1C0,, 1071 citrate was particularly effective in

desorbing previously sorbed P from all soils, This was especially
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the case for the Porirun soil. Polygnlacturonnte nt o concentration
of 10_5H vas effective in desorbing P only ot lor levels of previously.
added P to Bgmo:t, Okaihru, and Porirun soils, In all cases, hovever,
PGU was found to be superior to citrate at ~n equivalent concentraiion
( 1071 ), These findings confirm the observation of several previous
workers ( Swenson et al., 19493 Bradley ond Sieling, 1953; Deb and
Datto, 1967 a, b ) that orgenic anions, in genernl, are more effective

in desorbing P than are inorgenic anions,

The extent to which competing anions affect the final
solution P concentration in the 40-hour period following sorption of
P by soils follows a similar pattern to their competing ability when
both P and anions are added simlt~neously; the extent of the change
in finnl solution P concentration in the presence of anions is generally
smaller in the former system. This is attributed to the strength of
binding of the P sorbed in the 24~hour period and to the inability of
anions, other thon citrate and PGU to promote desorption. In the
H03_ system sorption of P continued during the 40~hour period following
NO?" addition,

The amounts of native P desorbed by the compoting anions.
studied from the four soils were very smll, - Only the hizhest concentro-
tions of 8042", citrate, and PGU ( 10-2, 10—3, and 107

renoved detectable amounts of native Pa The ability of certain weck

M, respectively )

organic acids to remove P from soils accounts for the early popularity
of these compounds as extractants for assessing the plant available P
status of soils ( Dyer, 1894; Mattingly, 1965 ). It is also interest-
ing to note that 10-3H HCOB- at pH 6,5 ¢id not-desorb detectable amounts
of native P from the Egmont and Waiareksa soilg. The Olsen bicarbonate
test ( Olsen et al., 1954 ) is now used extensively as a soil testing
procedure, but the reagent employs a very much higher HCO3— concentra—

tion ( 0,5 M ) and a higher pH ( 8.5 ).

In studies of the competitive effect of anions on P sorption
and desorption the need to maintain the pH of the system as closely as
possible to that of the soil cannot be overemphasized, This is the
cage because the ability of o competing enion to affect P sorption or
desorb previously sorbed P is strongly influenced by pH. Several factors
are involved, including the changing proportion of ionic species present
in solution, competition Irom hydroxyl ions, and the extent of positive
charge of the surface. The pH increage observed in the present study
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for each soil with increasing P and competing snion concentrations was
limited to 0e¢3 to 044 of a pH unit. Such: pH control allowed for a
better comparison of anion effects, per se, without serious complica-
tions arising from pH differences in the systems studied. The:lWaiareka
soil, however, showed an umisunl dependence of P sorption on pH, and
this effect was used to prtly explein the greater ability of this soil

to retain P in the presence of compiing anionse.

A study of the kinetics of P gorption in the presence
and absence of competing anions showed that HOB", 3042-. and HCOE- had
no observable effect on the amounts of P sorbed by the soils following
the initial 4O0=hour shaking period. The marked ability of 1Cr5H PGU
to decrease P sorption ocnd to promote desorption of sorbed P with ine
creasing time, especially at the lower level of added P with the Egmont
and Okaihoau soils, was attributed to the time required for the polymexr
to become orientated at surface sites, The dramatic decrease in final
solution P concentration with the Okoihou and Waiareka soils in the
presence of 107 citmte wos move difficult to interpret. Because
the amounts of e and Al in solution remnined relatively comstant with
time in the 1d'3ﬁ citrate system, it was tentatively suggested that
microorgonisms possibly overcome the inhibitory effect of the H’gCl2
present and utilise both citrate and P, cousing o decrease in T concentra—
tion in solution with time. This effect was more pronounced for the
two soils which contained the highest amount of organic carbon ( laiareka
and Oknihau ).

Of the five anions studied, only 10 M citrate and 107K
PGU removed significant quantities of Fe and Al from the four soilse.
Citrate removed large amounts of Fe from all soils, particularly from
the Fe-rich Okaihou soil. 1In contrast, PGU removed greater amounts of
Al than Fe and also removed equal or greater amounts of Fe than did an
equivalent concentration of citrate ( 10~2n )e Although it is well
established thnt citrante ( Bradley and Sieling, 1953; Nagarajah et al.,
19683 Evans and Syers, 1971 ) and PGU ( Bradley end Sieling, 1953;
Negarajah et al., 1970 ) are particularly effective in both decreasing
the amount of P sorbed and in promoting the desorption of P, the caouse
of these effects has remained obscure. The very close relationship
established in this study between the reduction in the amount of P
sorbed and the amounts of ( Fe + Al ) removed from the Okaihau soil

by increasing concentrations of citrate, indicates that the reduotion
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in P sorption results primerily from the elimination of a significant
proportion of sites, rather than from a direct specific adsorption-
effect as postulated by Hingston et al, (1970) ard Nagarajah et ale
(1970)s A similar interpretation was given to explain the competitive
effect of PGU,
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